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Abstract  
Ecotourism and hiking are increasingly popular, but trails can lead to 
vegetation loss, substrate compaction and erosion. Degradation and failure of 
vegetation recovery was observed at two closed sections of trails in Cape Breton 
Highlands National Park (Skyline and Mica Hill). In 2018, when compared to 
undamaged vegetation, trail conditions had reduced vascular plant cover and 
substrate nutrients, as well as higher temperature, compaction, moisture, and pH. 
Additionally, Skyline had no seed bank and Mica Hill’s seed bank was a different 
community. In 2019, five treatments were implemented and monitored at Skyline: 
topsoil addition with erosion control mats combined with direct seeding and 
transplanting treatments. When compared to controls, all treatments improved 
vegetation cover and quality where added topsoil in combination with transplanting 
and seeding increased improvement. This study provides the basis for a long-term 
restoration study where further monitoring over many years can elucidate or modify 
these findings.  
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 General Introduction 
1.1 Background 
Human activity has greatly altered and disturbed the natural world on a global 
scale. Climate change and the decline of global biodiversity have created an imperative to 
understand how ecosystems function and interact in order to help find ways to mitigate, 
reduce, and prevent negative environmental impacts caused by humans. Habitat loss is 
one of the driving factors for species loss globally (Tilman et. al., 1994; Fagúndez, 2012) 
and the quality of remaining habitat is also of concern. Damaged or altered habitats can 
eventually lead to local species loss through slower evolutionary processes such as 
genetic inbreeding, genetic drift and population fragmentation (Kuussaari et. al., 2009). 
Finding ways to reinvigorate affected areas can help reduce the human impact on the 
natural world. 
Restoration practices are becoming increasingly commonplace as they have the 
potential to reduce or reverse the loss of biodiversity (Bullock et. al., 2011). Human 
impacts on the environment have created a new facet of ecology, known as restoration 
ecology, to study which can be used to further our understanding of ecosystem processes 
and ecosystem recovery. Restoration ecology is the scientific practice of restoring 
ecosystems that have become damaged, degraded, or destroyed (Martin, 2017). While it 
is important that there are many restoration efforts being conducted to test and understand 
various treatment strategies, there is an increasing call to be more proactive and help 
affected environments before they become degraded (Acosta et. al., 2018). Restoration 





efforts of affected areas and introduce mitigation strategies as they are identified and 
before damage has a chance to accumulate. 
Recreation ecology studies the environmental impact of human visitation to 
wilderness and protected areas (Marion et. al., 2016) and is thus often associated with 
restoration and mitigation practices. It has had a relatively short history where interest on 
the ecological impacts of tourism began in the 1960s and collaborative research began in 
the 1970s (Cole, 2004). As the world becomes more developed and most work 
environments are now indoors, there are increasing numbers of people who are spending 
time outdoors as a form of leisure (Liddle, 1997; Manning & Anderson, 2012). The 
increase in tourism directed toward natural environments, or ecotourism, has, in many 
cases, led to negative impacts on the environment which impacts the overall aesthetics of 
the area and plays an important component in visitor experience (Santarém et. al., 2015). 
When considering recreation ecology as a discipline, there are three major factors 
involved: the environmental impact concerning resource use, the social impact 
concerning visitor experience, and the managerial impact (Manning & Anderson, 2012).  
1.2 Visitors and ecotourism 
Most often, ecotourism has a positive economic and social influence on the region 
being promoted. The creation and management of easily accessible trails with scenic 
views can increase public awareness of nature-based conservation. Interpretive trails can 
inform visitors of the value of the environment that surrounds them and has been shown 





are removed from nature, increasing nature education can be a tool to help conserve the 
natural world by forming bonds with nature 
Ecotourism can also have positive economic impacts. The influx of visitors to a 
region can support the management of the park itself and fund conservation efforts 
(Santarém et. al., 2015) and support the local economy, which can often be substantial in 
more rural areas (Lemky, 2017). The creation of trail systems can create employment 
opportunities through maintenance and enforcement requirements as well as to run visitor 
centres, campgrounds, and equipment rental offices (Timothy, 2015). Nearby towns often 
benefit greatly in areas with active trails and scenic attractions where visitors populate 
hotels, bed and breakfasts, and restaurants. 
It is also important to note that trails, especially in national parks, are not only 
about showcasing the surrounding environment and supporting the economy, but they 
will also often have cultural significance. Cultural values can include historic routes for 
early settlers of an area and are often accompanied with signage to inform visitors of the 
significance of the trail. Often trails are created for there cultural importance and this can 
be the primary factor that draws in visitors. This, in turn, helps to preserve historic values 
and gives the region in question a ‘sense of place’ wherein the history of the region 
becomes tangibly present (Timothy, 2015). Visitors thus can have a more holistic 
experience of the region and further entice visitors to the area. 
Visitor numbers to parks or trails can fluctuate greatly based on promotion, either 
inadvertent or intentional and, in a short amount of time, sensitive environments can be 





allocated for conservation efforts (Buckley, 2011). Large numbers of visitors can create 
crowding on trails, increase conflicts, and increase the risk of damaging the area through 
vandalism, littering, and trampling (Manning & Anderson, 2012). To add, highly popular 
trails tend to be focused in areas with greater ecological sensitivity and thus have high 
conservation values (Buckley, 2000). Therefore, areas that present greater visitor 
experience and attract large volumes of visitors oftentimes tend to be easily impacted and 
require the most management. 
While the global environmental impacts of ecotourism are not clearly known 
(Buckley, 2004), we do know that ecotourism has a positive economic impact for 
surrounding areas and can help economically to support the park. Ecotourism can directly 
contribute to conservation practices through entrance fees (Buckley, 2000) and while it is 
important to maximize revenue which can be used to fund conservation and restoration 
initiatives, it is important to avoid visitor crowding. Different management practices to 
reduce the effects of overcrowding include increasing recreation opportunities through 
expansion of the activities and promoting activities during-off peak hours and months 
(Manning & Anderson, 2012). The result is a more even distribution of visitors which can 
potentially reduce the overall impact on the environment. Other more specific 
management tactics include visitor education, the use of fines or increased entry prices, 
the implementation of law enforcement to limit access, rules and regulation, and zoning 
(Manning & Anderson, 2012).  
Overall, ecotourism can provide significant economic boosts to associated 





nature appreciation. However, overuse or misuse has led to new areas of research where 
scientists and practitioners alike are attempting to recover and restore degraded areas. 
The overarching goal is to find a way promote outdoor recreation activities whilst 
maintaining a balance with the natural world. Often this may entail the exclusion of 
people from a degraded area followed by passive or active restoration procedures. 
1.3 Restoration ecology and ecological theory 
The main goal of restoration ecology is to create or return an ecosystem to a point 
where it is self-sustaining and resilient to further disturbance (Ruiz-Jaen & Aide, 2005). 
The two main restoration strategies are passive or active restoration. Passive restoration 
occurs where the identified stressor is removed, and the ecosystem can recover naturally 
without further intervention. A common passive restoration strategy is simply to fence off 
the degraded area and wait for natural processes to recover and resume normally. As a 
result, passive restoration is generally cost effective and should always be the first option 
considered in a restoration project. For example, passive restoration efforts of simply 
closing off degraded sections of trails and allowing the area to regenerate have been 
successful but only when the seedbank is still intact (Sawtshuk et. al., 2010).  
Therefore, passive restoration is often not enough to create a self-sustaining 
ecosystem and active strategies need to be implemented. These include biotic and abiotic 
manipulations of the ecosystem, in order to recreate a self-sustaining ecosystem or to 
create conditions capable of recreating self-sustainability at a rate faster than passive 





process, and so careful considerations need to be made with regard to identifying site-
specific environmental stresses. 
Likewise, prior to beginning any restoration project, it is vital to understand the 
underlying theory that supports our understanding of ecosystems and communities. A 
community is an assemblage of species and the interactions between them whereas an 
ecosystem encompasses all biotic and abiotic interactions in a given area. Ecological 
assembly theories range from completely non-random assembly, where the communities 
exist only in certain assemblages, to completely random assembly, where the species that 
make up a community are more coincidental. It is thought that local communities are 
likely assembled somewhere along a gradient between these two opposing theories, 
taking both random and non-random effects into consideration (Götzenberger et. al., 
2012).  
When considering community reassembly following a disturbance, a component 
of the recovery process will be random and thus the outcome of a restoration project will 
be similarly randomly affected. Fenton and Bergeron (2013) found that stochastic 
processes were important in the reestablishment of boreal bryophyte species following 
fire disturbances, suggesting that processes other than habitat quality were at play during 
the recovery process. Their study places the emphasis of recovering ecosystem functions 
ahead of creating a ‘field of dreams’ (Hilderbrand et. al., 2005) wherein habitat quality is 
restored in the hopes that the intended species colonize the area.  
It is important to note that community assemblages are very dynamic and are 





to change as species are slowly introduced and removed from a local area. If enough 
species from a different community type are added, the whole community can shift to 
another type via the process of succession. According to Howell et. al. (2012) ecological 
succession is defined as “a shift in the presence or relative abundance of species 
populations over time in a given location under a relatively stable climate”.  A savannah 
can turn over into a shrubland, which can eventually give way to forest, for example. A 
community can be considered stable when a successional stage persists assuming 
underlying conditions do not change, and it should be noted that, at each successional 
stage, there can still be significant local species turnover (Walker & del Moral, 2009). 
Communities are continuously shifting throughout time and this must be considered 
when attempting to regenerate an area. Disturbance events initiate succession and can 
even alter previous successional states. Incorporating natural recovery processes, which 
vary from site to site but are inevitably strongly influenced by regional climate (Howell 
et. al., 2012), into restoration practices can greatly influence the outcome (Walker & del 
Moral, 2009).    
A major driver of succession are the effects of individuals as they interact with 
each other and alter the environment (Howell et. al., 2012). In general, if an interaction 
between plants occurs, there are two possible outcomes: facilitation or competition. This 
is to say that when two individuals co-occur, they will either help each other, compete, or 
have no effect. This is often observed at the species level, where, for example, a certain 





Facilitation occurs when one species provides a beneficial service for another 
species, or they provide mutually beneficial services to each other. For plants, facilitation 
typically occurs between neighbouring plant species who are in close enough proximity 
to physically and/or chemically affect each other. Benefits can include improved 
germination rates and growth (Rodríguez-Echeverría et. al., 2013), and are often in some 
form of a barrier or buffer for protection from sun, wind, or rain exposure. These positive 
interactions tend to more predominant in stressful environments (Callaway et. al., 2002).  
While facilitation is beneficial, competition is the more commonly observed 
strategy amongst plants (Damgaard, 2004). Neighbouring plants must compete for 
sunlight, water, and nutrients. Eventually one individual may acquire enough resources to 
outcompete its neighbour, who suffers as a result from lack of resources. Competition is 
most notable at the species-level, where a species who is better adapted to the region or 
who is better able to acquire resources will grow more quickly and outcompete other 
species. Often the competitor will thrive and become the dominant vegetation. Factors 
such as keystone species (Ballantyne & Pickering, 2015), stressful climatic conditions 
(Callaway et. al., 2002), and environmental heterogeneity (Dufour et. al., 2006) can help 
reduce the population of a competitively dominant species and maximize biodiversity.  
Other important considerations in a restoration projects include resistance and 
resilience of ecosystems and target species populations. In terms of restoration ecology, 
resistance is the ability to withstand disturbance or a damaging event, and resilience is the 
ability to recover following a disturbance or damaging event. Both resistance and 





functional traits (Bernhardt-Römermann et. al., 2011). For example, species with 
cespitose and rosette growth forms have more resistance, erect growth forms have less 
resistance, and woody perennial plants with low-growing buds have less resilience (Cole, 
1995). Many restoration practices are either resistance-based (e.g., implementing 
mitigation strategies to avoid future change to an ecosystem) or resilience-based (e.g., 
introducing a wider array of genotypes). While they are not mutually exclusive, there is a 
tendency for practitioners to advocate for resilience-based programs (Heller & Zavaleta, 
2009). Promoting resilience can also lead to recovery of interspecific interaction 
processes (Aslan et. al., 2016). Restoring an ecosystem to a point where it is capable of 
adapting to unforeseen or stochastic processes can increase the chances of a successful 
restoration project. 
Restoration projects represent unique opportunities to apply ecological concepts 
to restore degraded ecosystems while simultaneously testing these concepts through 
active manipulation of the environment. A holistic understanding of ecological theory can 
improve the chances of restoration success. This is especially important in an era where 
there is increasing awareness of climate change-related impacts on ecological research 
and nature conservation (Prober et. al., 2019). 
1.4 Nova Scotia Barrens 
In Nova Scotia, barrens are dominated by ericaceous vegetation and are generally 
subject to extreme environmental stressors which reduce vegetation height. (Oberndorfer 
& Lundholm, 2009; Cameron & Bondrup-Nielson, 2013). These include high winds, high 





barrens also generally tend to have nutrient poor, acidic soils when compared to arable 
farmland (Clarke, 1997), but they contain complex vegetation communities that often 
contain many uncommon alpine plant species as the local climate can resemble an alpine 
environment (Cameron & Bondrup-Nielson, 2013).  
Nova Scotia’s Museum of Natural History describes three types of barrens habitat 
in the province: coastal, highland, and inland (1996). Most highland barrens are in Cape 
Breton’s Highlands National Park. This plateau-taiga region exceeds 500 m in elevation 
and receives a total annual precipitation of 1600 mm which is the most of anywhere in 
Nova Scotia (Nova Scotia Museum, 1996). The growing season begins when average 
temperatures reach 5 °C and end when they fall below 5 °C (Nova Scotia Museum, 
1996). 
Barrens are relatively rare in Nova Scotia and they also provide habitat for rare 
species within the habitat (Cameron & Bondrup-Nielson, 2013). Their vegetative 
composition can vary greatly between sites (Oberndorfer & Lundholm, 2009) which 
increases the need to protect and restore multiple areas. Barren communities are also very 
complex and dynamic, where interactions occur along abiotic gradients (Canals & 
Sebastià, 2002; Oberndorfer & Lundholm, 2009) and have potentially diverse and long-
lived seed banks (Ghorbani et. al., 2007). 
Barrens can be successional habitats when they are maintained by fires or by 
some other extreme event causing tree loss. Evidence of periodic fire events in inland 
barrens of Nova Scotia suggest that these areas were once forested, and the existing 





(Clarkson et. al., 2012). However, not all barrens are considered to be successional and 
those that can persist against tree encroachment tend to be nearer to the coast and/or at 
higher elevations (Burley & Lundholm, 2010).  
While coastal influences can help maintain barren ecosystems, they are still at risk 
for habitat loss via human disturbances which includes coastal development projects, 
hiking trails, etc. (Oberndorfer & Lundholm, 2009). Careful consideration needs to be 
made when creating trails and routes through these environments. Alpine and heath 
vegetation, often found in barrens habitat, tends to have poor resistance to damaging 
events (Liddle, 1997, Hill & Pickering, 2009) and following damage, barren vegetation 
tends to be slow growing and it can take a long time to recover from disturbance (Cole, 
2004; Jägerbrand & Alato, 2011), indicating poor resilience, from a restoration 
perspective.  
1.5 Restoration Goals 
The overarching goals of this project are to 1) understand the effects associated 
with trail degradation at two closed portions of hiking trails in Cape Breton Highlands 
National Park, 2) determine which factors may be limiting the natural recovery of the 
ecosystem following trail closure, and finally 3) determine which method of active 
restoration is most appropriate for these specific environments. The project took place 
over two years, where trail conditions were assessed during the first year and restoration 
treatments were implemented at one of the two sites during the second year.  
This project represents the set-up of a potential long-term restoration study in the 





effects of trampling and degradation, such as differences in compaction and substrate 
moisture, on barrens vegetation types. It also compares various restoration treatment 
types and provides general information on restoration for future barren restoration studies 
as well as site-specific information to Parks Canada as they plan to move forward with a 
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While hiking trails and other forms of recreational paths are very important 
promoters of the natural environment and ecotourism, overuse or improper use can 
damage the area. A trail can be defined as a visible linear pathway that does supply, or 
may have supplied, some transportation service (Timothy, 2015). Hiking trails are created 
to support foot traffic and managed trails often have hardened surfaces and sometimes 
raised boardwalks which can reduce the impact of the trail users. However, most often 
hiking trails are narrow dirt paths through the vegetation. Intentional trails can avoid 
degradation with proper management. This includes, but is not limited to, proper trail 
placement, appropriate construction and maintenance, informed trail standards, visitor 
management, and adequate monitoring (Marion & Leung, 2004). A hiking trail becomes 
degraded when any or all these areas are affected to the point where biotic and abiotic 
conditions of the surrounding environment are negatively altered. Often, degradation can 
promote further degradation, creating a positive feedback effect which inhibits natural 
regeneration processes (Crisfield et. al., 2012). Degradation can include loss of 
vegetation cover, altered species composition, trail widening, and soil loss and 
compaction (Ballantyne & Pickering, 2015).  
2.1.1 Impacts on barren and alpine vegetation 
Barren and alpine vegetation are particularly prone to degradation as these areas 
are already subject to more extreme conditions and its low vegetation height can often 
encourage hikers to go off designated hiking trails which can lead to trail widening and 
trail braiding. This can lead to short-term and long-term damage on surrounding heath 





been conducted around the world to assess trampling damage on barrens, shrubland, or 
alpine vegetation along with its ability to recover from damaging events (Ólafsdóttir & 
Runnström, 2013; Ballantyne & Pickering, 2015; Jägerbrand & Alatalo, 2015).  
At low to moderate trampling levels, species richness and productivity tend to 
increase, but as trampling continues to increase, species richness will then decline 
(Liddle, 1975; Parikesit et. al., 1995). Initial damage can stimulate the growth of 
vegetation, but exposure can allow for the colonization of other species and as the 
intensity of the damage increases, the ability for the native vegetation to recover depends 
on species-specific characteristics and environmental factors (Bernhardt-Römermann et. 
al., 2011). In general, the relationship between the amount of use of a trail and the 
amount of impact on soil and vegetation is curvilinear (Liddle, 1997; Cole, 2004). Thus, 
some use will have little effect on the soil and vegetation but will exponentially increase 
as the amount of use increases up to a point where no more habitat can be destroyed or 
lost. 
In general, low shrubs have high resistance to trampling, but once damaged, their 
ability to recover, or resilience, is low (Cole, 2004). Grasses can be stimulated by light 
trampling but will experience a reduction in biomass as trampling intensity increases 
(Liddle, 1975), however, they are the most resistant to trampling effects. Cushion, 
cespitose, or rosette life forms tend to be more prevalent on trails (Crisfield et. al., 2012). 
They can tolerate more trampling as their clustered stems are better able to conserve soil 
moisture and act as a litter trap to gain extra nutrients. The local climatic conditions of 





was found that more humid barrens are more resilient than arid barrens (Bernhardt-
Römermann et. al., 2017). 
One study on trails in an alpine tundra meadows community of the Northern 
Canadian Rockies found that, while cover was greatly reduced on trails, species diversity 
and evenness increased (Crisfield et. al., 2012). The authors suggested that the reduction 
in cover of a particularly dominant species at this site allowed more species to colonize 
the trails despite the stressful conditions. It is possible that this is in line with the 
intermediate disturbance hypothesis (Connell, 1978) whereby maximum diversity is 
achieved at moderate levels of disturbance intensity and frequency.   
As more bare ground becomes available, more habitat becomes accessible to more 
trampling-resistant, non-native species that would not otherwise have access to the area. 
Human visitors likely play a role in non-native species establishment on trails where 
seeds can be transported on clothes, shoes, and equipment (Dickens et. al., 2005). 
Therefore, trampling can create open niche spaces that can be colonized by native and 
non-native species alike, which can lead to an increase in species diversity. However, the 
introduction of non-native species can pose a threat to the integrity of the ecosystem as 
these trampled areas can act as a gateway for further colonization and potentially affect 
ecosystem functioning.  
2.1.2 Impacts on soil  
Equally important are the below ground effects of trampling such as soil 
compaction (Beckett et. al., 2017), the loss of organic matter and altered soil moisture 





the amount of oxygen available in the soil for root growth, as well as increased soil 
strength described as the mechanical resistance of soil (Bassett et. al., 2005). Overall, 
trampling can directly damage the vegetation as well as cause indirect changes to the soil 
structure and composition (Liddle, 1975). Changes to soil structure are a common 
response to intensive trampling and are most often due to soil compaction which reduces 
pore space and affects available oxygen and water (Liddle, 1997). Plant growth, in the 
form of root mass and shoot mass, was found to be the lowest when plants were grown in 
compacted soil under optimal water conditions (Beckett et. al., 2017) such that their 
ability to grow roots through compacted soil was hindered and subsequent nutrient uptake 
was negatively affected.  
Trampling leads to highly compacted areas that can lead to changes in soil 
microbial communities and to an overall reduction in soil microbial biomass (Kissling et. 
al., 2009). Kissling et. al., (2009) proposed that this was likely due to low nutrient cycling 
as a result of reduced litter biomass. Soil microbial density is positively related to plant 
production and plant diversity (Zak et. al., 2003) and below ground microbial 
communities have also been found to play in important role for positive interactions 
between plants (Rodríguez-Echeverría et. al., 2013). Thus, changes to the soil structure 
can have negative effects on both soil microbial communities and plant communities.  
Other soil characteristics can be affected by trampling such as soil nutrients. The 
affected biomass, microbial communities, and soil structure as a result of trampling have 
the ability to alter nutrient cycling. De Graaf et. al., (2009) found that soil ammonium 





European heathlands, phosphorus was the most important factor and was negatively 
correlated with plant diversity. Grass species, such as Deschampsia flexuosa tend to be 
more resistant to ammonium and can outcompete dwarf shrub species when ammonium 
is high (Van Den Berg et. al., 2005). Many ericaceous species have a preference for 
ammonium as the concentration of ammonium tends to be higher in more acidic soils 
(Bardon et. al., 2018). Soil acidity and moisture are also very important factors in barren 
environments (De Graaf et. al., 2009). Germination of heathland species in Norway can 
be reduced by decreasing the pH to less than 5 and by the addition of aluminum (Roem 
et. al., 2002). 
Another large issue with trampling includes soil erosion (Pickering & Norman, 
2017). Soil erosion is a natural process by which soil particles are slowly removed from 
an environment over time through wind action, water, or some other natural processes. 
Vegetation cover is very effective at keeping the soil from eroding too drastically by 
providing protection from the elements and anchoring it in place with its root network 
(Ellis, 2017). Thus, when vegetation cover is reduced via trampling events or otherwise, 
exposed topsoil can be rapidly eroded away. Further erosion can damage remaining plant 
life and continue to affect the area in a positive feedback loop.  
Many factors can influence the rate of erosion. Trail topography should be 
considered where soil will erode more quickly via gravity when slopes are steeper than 
12° (Marion & Leung, 2004) and whether the trail passes through depressions where 
water is likely to accumulate. Climatic conditions are important such that increased 





2017).  Also, soil characteristics are an important consideration where organic soils are 
more prone to erosion than mineral soils and are particularly susceptible when moisture 
content is high (Bryan, 1977).  
2.1.3 Impacts on seed banks 
There are two major sources of potential passive regeneration following a 
disturbance event: clonal vegetative regeneration from surviving branches and roots and 
germination of seeds residing in the soil profile in seed banks (Piessens et. al., 2005). 
Clonal revegetation can be a very slow process, particularly in barren or alpine habitats 
where growing conditions are restricting. Alternatively, seed banks are a known 
repository of genetic material, generally found in the upper centimeters of topsoil 
(Putwain & Gilham, 1990; Miller et. al., 2017) that have the potential to contribute to 
future generations. They have even been known to form on extensive green roofs 
(Vanstockem et. al., 2018). They can also contribute to a population’s resilience and can 
improve its ability to recover (Måren & Vandvik, 2009). 
Seed banks are representations of past generations and contain seeds from earlier 
successive states which do not always match the present vegetation (Warr et. al., 1993, 
Shang et. al., 2013). Thus, it is possible to identify past successive states by analyzing 
soil seed banks. To add, seed bank density and richness have been found to decrease with 
successional maturity (Warr et. al., 1993), and in general, over time (Bossuyt & Hermy, 
2003). Therefore, a seed bank cannot always be inferred by observing aboveground 
vegetation as it depicts a unique assemblage of past species from the area as well as those 





The length of time the seeds can stay in the soil also plays an important factor in 
determining the assemblage and role of the seed bank in the recovery process. In general, 
there are two seed bank strategies: transient and persistent (Thompson & Grime, 1979). 
Transient seed banks are seeds that stay in the soil for less than one year and tend to 
germinate following predictable seasonal disturbances, whereas persistent seed banks 
survive longer than a year and are a source of regeneration when disturbances, in space 
and time, are unpredictable. To add, seeds that get buried deeper in the soil also tend to 
be long-lived, likely due to the time it takes for seeds to penetrate the soil profile (Bekker 
et. al., 1998). Seed longevity can affect the community’s resilience such that transient 
seed banks that can only survive one or two growing seasons are likely to quickly die out 
of the seed bank if the seed source is removed (Måren & Vandvik, 2009). Understanding 
which species contribute to transient seed banks and which contribute to persistent seed 
banks can determine the extent to which a given area is able to recover following a 
disturbance.  
It was found that the seed banks of northern heathlands in Norway are a potential 
source of regrowth following fire disturbance and not merely a byproduct of seed rain 
(Måren & Vandvik, 2009). This was due to large stores of seed from the most abundant 
heathland species of the area, Calluna vulgaris. However, in other areas seed banks may 
not contribute to regeneration. In Tibetan alpine grasslands, regeneration following the 
installation of a fenced enclosure was mostly by colonization capacity (seed rain) rather 
than from the seed bank (Shang et. al., 2013). Thus, the potential benefits of seed banks 





Seedling recruitment in tundra habitat is considered low and most growth is clonal 
from the pre-existing vegetation (Huebner & Bret-Harte, 2018). Alpine species also tend 
to contribute poorly to seed banks (Shang et. al., 2013), and likely the case is similar for 
barrens habitat which can often have similar environmental conditions (Cameron & 
Bondrup-Nielson, 2013). Determining the presence of a seed bank in barrens is important 
to understand whether biotic or abiotic factors are most affected by trail degradation. The 
presence of a seed bank does not necessarily mean that environmental conditions are 
appropriate for seed germination and seedling survival. 
There are two common techniques implemented to quantify seed bank density and 
richness: extraction and emergence. Extraction methods include sieving and flotation 
techniques to sort through soil material and identify all seeds. Emergence methods are 
defined by collecting soil samples and leaving them in appropriate conditions for 
germination to occur. Both techniques can characterize a portion of the seed bank, but 
neither method can accurately quantify the seed bank in its entirety. In general, both 
methods tend to find similar species richness in samples, but density is always 
significantly higher when using the extraction method (Gonzalez & Ghermandi, 2012; 
Abella et. al., 2013).  
 While extraction methods find more seed density than emergence methods 
(Gonzalez & Ghermandi, 2012; Abella et. al., 2013), they tend to be very time-
consuming and are biased towards large-seeded species (Gonzalez & Ghermandi, 2012). 
There are also difficulties determining the viability of seeds (Abella et. al., 2013) and so 





the emergence method, all counted individuals must have come from viable seeds, 
however, the set of germinated species may not be wholly accurate such that different 
species have a different requirement of conditions necessary for germination to occur. 
Germination in a greenhouse is not always a suitable condition for all species present in 
the soil (Heerdt et. al., 1996; Abella et. al., 2013). The lack of knowledge on germination 
requirements for each species can inhibit the accuracy of emergence studies (Bossuyt & 
Hermy, 2003). To add, the emergence method requires a significant amount of time and 
space and so is not always a viable option (Heerdt et. al., 1996). 
2.1.4 General impacts on flora and fauna 
Overall, trail degradation is marked by a reduction in vegetation cover with a 
subsequent increase in bare ground, which leads to a reduced performance of ecosystem 
functions. The impacts on trails vary between different use types (hiking, horseback 
riding, mountain biking, ATVs, etc.) and the degree of their impacts vary with site-
specific characteristics and intensity (Havlick et. al., 2016). Vegetation and soil structure 
become altered. In areas where degradation has occurred, fewer facilitative shrubs are 
found (Ballantyne & Pickering, 2015), there are more occurrences of non-native species 
(Pywell et. al., 1997; Wolf & Croft, 2014), species richness is affected by distance from 
the trail and degree of trampling (Parikesit et.al., 1995), and canopy height decreases 
(Liddle, 1975; Korkanç et. al., 2014; Mason et. al., 2015). 
Another important consideration is the effects of fauna on barren ecosystems. 
Barrens can contain diverse populations of wildlife and often numerous bird species 





diversity of these regions. To add, invertebrates have been found to be linked to soil 
nutrient conditions (Culver & Beattie, 1983; de la Peña et. al., 2012). Culver and Beattie 
(1983) showed that burrow ants (Formica canadensis) in Colorado barrens significantly 
increased the amount of important nutrients, mainly potassium and phosphorus, in nearby 
soils. de la Peña et. al. (2012) found that soil conditions in barrens have been linked to 
altered interactions of pollinators with barren plants. Therefore, a loss of barren habitat 
can lead to a potential loss of nesting habitat and a loss of a food source for pollinators, 
birds, and others.  
2.1.5 Experimental trampling studies 
Many experimental trampling studies have been conducted to quantify the 
impacts that foot traffic has on vegetation. Most trampling studies have been conducted 
following the protocol described by Cole and Bayfield (1993) or using a similar 
framework of simulated trampling events increasing of increasing intensity of 0 passes up 
to 500 passes. While experimental trampling studies do impact the natural environment, 
they can infer some cause and effect relationships through controlled manipulations of 
the environment that descriptive, non-invasive surveys generally cannot account for 
(Cole, 2004).  
 Trampling studies of barrens, heathland and alpine vegetation have been 
conducted in many regions around the world including the United States (Bell & Bliss, 
1973), France (Gallet & Rose, 1993), and Australia (Whinam & Chilcott, 2003; Scherrer 
& Pickering, 2006; Mason et. al., 2015). It was found as few as 30-100 passes will cause 





Mason et. al., 2015). This further establishes the importance of pre-emptively protecting 
these sensitive areas as well as implementing either passive or active restoration 
strategies when they do become degraded.  
2.1.6 Project Objectives 
To understand the effects associated with trail degradation in Cape Breton 
Highlands National Park, the project aimed to assess vegetation damage in terms of 
vegetation cover, trail characteristics, and soil characteristics. Vegetation, or biotic, 
factors were examined such as seed bank size, as well as species-specific vascular plant 
cover, and general moss and lichen cover which were visually estimated both on and off 
the hiking trails. Soil factors including substrate depth, compaction, surface temperature, 
moisture, and substrate nutrient content were measured and analyzed. The objective was 
to determine which factor(s) show the most difference between on- and off-trail 
conditions. The gathered information was then used to make informative decisions about 
potential restoration treatments in Chapter 3.  
2.2 Methods 
2.2.1 Study sites 
Cape Breton Highlands National Park, located in Northern Nova Scotia, was 
established in 1936 following the construction of the Cabot Trail and protects 950 km2 of 
land containing a mix of Acadian, Boreal, and Taiga forests and is the largest national 
park in the Maritimes (Parks Canada, 2010). The region experiences long fall and winter 
seasons due to its high altitude, coastal proximity, and strong winds, known locally as 
Les Suêtes, wherein gusts of wind often exceed 90 km/h during the winter (McIldoon & 





National Park have evidence of past fire (Bridgland et. al., 2011). The combination high 
altitude, high winds, and coastal influences have allowed for the formation of barrens 
habitat within the Park, which often are very scenic and attract many visitors. 
Visitor numbers to the Cabot Trail slowly declined in the 1990s and were stagnant 
throughout the 2000s. The park and surrounding area began exploring different ways to 
revitalize the tourism and cultural economy of the region (Lemky, 2017). In 2008, there 
were roughly 175 000 visitors to the Park (Parks Canada, 2010). Since 2012, visitor 
numbers have increased every year and, from April 2017 to March 2018, they reached 
more than 330 000 visitors (Parks Canada, 2018). Increased visitor numbers have 
increased Park staff concern for trail degradation throughout the Park, but especially at 
the Skyline hiking trail and the Mica Hill hiking trail. 
 
Figure 2.1. Map of Cape Breton Highlands National Park, depicting locations of the two 
hiking trails examined. Blue (left) is the Skyline hiking trail and red (right) is the Mica 





Skyline hiking trail: 
The Skyline hiking trail is easily the most highly trafficked trail in Cape Breton 
Highlands National Park, where it easily receives thousands of visitors every season 
(Park staff, personal correspondence). Located on the west coast of Cape Breton, roughly 
20 km north of Chéticamp, the trail is found in a mountain flank region with many 
hydraulically active faults (Baechler & Boehner, 2014) overlooking the Gulf of St. 
Lawrence. The exposed area near the end of the 6.5 km hiking trail is a coastal headland 
barren with shallow soil and is dominated by heathland vegetation and most notably 
bearberry, Artostaphylos uva-ursi.  
In recent years, the trail has received many improvements to accommodate the 
growing number of visitors. In the early 2000s, the main portion of the trail was given a 
hardened surface with improved drainage, and wooden boardwalks were added in the 
most sensitive sections including the coastal headland section at the end of the trail. The 
main area of concern is a section of eroded path that extends beyond the last viewing 
platform of the boardwalk, where foot traffic has eroded the vegetation down to bare soil 
(Figure 2.2). This section was part of the original trail but was officially closed off when 
the boardwalk was installed but has continued to see foot traffic at unknown rates. 
Observations by Parks Canada staff noted that erosion and trail widening in this area has 
become increasingly apparent since 2016. This is the area where the extent of the 
vegetation damage was assessed, and restoration treatments were implemented (see 






Figure 2.2. Aerial imagery, in colour at a resolution of 15 cm, of the degraded trail site at 
the Skyline hiking trail, 2015. The red line marks the eroded trail that goes beyond the 
last viewing platform of the boardwalk (yellow star). This is the portion that has been 
officially closed off.  
 
Mica Hill hiking trail: 
The Mica Hill hiking trail, formerly known as the Glasgow Lake trail, is in the 
northern region of the Park, about 10 km east of Cape North. Originally created as a fire 
road in the late 1960s, the trail runs through highland barrens dominated by stunted black 
spruce heath. Initially the trail went all the way to Glasgow Lake, but water drainage 





shortened and rerouted south to Mica Hill around the worst eroded sections. The new 
section of trail serpentines around the old one and creates four distinct sections of 
decommissioned trail (a, b, c, and d, Figure 2.3). There has been no natural revegetation 
in these eroded sections since the trail was rerouted, and this is the area where the extent 
of the damage was assessed. Assessments were conducted for all four sections of 
decommissioned trails, however, due to time and cost constraints, restoration treatments 
were not implemented at this site. Further monitoring of water-related impacts should be 
assessed to fully understand its implications. 
 
Figure 2.3. Aerial imagery of the Mica Hill hiking trail. The yellow line represents the 
current active sections of the official trail. The burgundy line represents a former portion 
of the Glasgow Lake trail (Glasgow Lake is not visible on this map). The orange lines 





2.2.2 Data collection 
Assessment of the vegetation as well as trail conditions were completed during 
the Summer of 2018. Conditions that were observed included trail factors (slope, width, 
and depth), abiotic factors related to the substrate (depth, surface temperature, moisture, 
nutrients, as well as exposed soil, gravel and rock), and biotic factors related to the 
vegetation (canopy height, vascular species, mosses, and fruticose lichens). Water-related 
issues were not monitored at Mica Hill due to timeframe and equipment constraints. 
Trail factors were measured at intervals for the entirety of the designated study 
areas for both sites. For every 10 m section of closed-off trail, trail slope was recorded at 
the midpoint using an inclinometer on a compass and trail depth was recorded at the 
centre of the trail using a tape measure. One end of the tape measure was placed at the 
edge of the trail and the other end was drawn to the centre of the trail, in line with the 
trail edge, and there it was bent at 90° until it contacted the bottom of the trail. The depth 
was estimated, in cm, as the distance from the bottom of the trail to the 90° bend. Trail 
width was recorded three times for every 10 m of trail from one edge of the trail to the 
other. Trail edge was visually noted where an abrupt shift in vegetation height and 
density occurred.  
To measure abiotic and biotic factors, paired 0.5 m x 0.5 m quadrats were set up 
every 10 m segment of trail such that one quadrat was placed directly in the center of the 
trail to represent the conditions of the trail and a second quadrat was placed 3 or 5 m 
away from the edge of the trail to serve as a reference to represent pre-disturbance 





collect similar data (personal correspondence) where the quadrat was able to fit 
completely within the trail with little to no edge overlap for the majority of locations. In 
areas where the trail width exceeded 5 m, two additional quadrats were placed on the trail 
and the subsequent data was averaged across the three.  
At both sites, reference plots were placed to assess the natural vegetation that 
could represent a target for trail restoration efforts. At Mica Hill, reference plots were 
placed perpendicular to the trail section, 5 m from the trail away for all sections except 
for section c which went through a densely treed area such that it was not feasible to go 5 
m without taking a substantial amount of time. Reference plots were located 3 m away 
from the trail edge instead.  Reference plots were also placed uphill to avoid any potential 
runoff from the trail that might influence conditions. They were placed on the downhill 
side only when the uphill side was less than 5 m away from the active trail. At Skyline, 
for safety reasons, reference plots were placed 3 m away from the edge, where any 
further would have been too close to the edge of the cliff of the headland, and were 
placed, when possible, on the ‘inner side’ of the headland. For every plot (on the trail and 
in the reference vegetation), soil characteristics and vegetation variables were recorded. 
Environmental factors included soil depth, soil compaction, soil type, rock, gravel and 
soil exposure, fruticose lichen and moss cover, substrate moisture, and substrate surface 
temperature.  
Substrate (abiotic) factors: 
Rock, gravel, and soil exposure were estimated visually as percent cover for every 





2 to 63 mm, according to the International Organization for Standardization (ISO, 2017), 
soil was considered to be any particle < 2 mm, and rock was considered to be any particle 
> 63 mm. Rock, gravel, and soil can become exposed with repeated disturbances and 
negatively affect plant communities particularly with respect to root structure.  
Substrate compaction and substrate depth were measured randomly in three 
different locations within each plot. Substrate compaction was recorded using a 
penetrometer up to a maximum of 4.5 kg/cm2. Compaction was not taken for exposed 
rock, and when compaction was greater than 4.5 kg/cm2, it was simply recorded as 4.5 
kg/cm2. Compaction is one of the most common effects of trail disturbance (Leung & 
Marion, 1996) and can impact seedling root development (Bassett et. al., 2005). Substrate 
depth was recorded by inserting a long, thin 40 cm metal rod into the substrate. 
Measurements that were greater than 40 cm were simply recorded as 40 cm. Barrens tend 
to have already shallow substrate, and with disturbance comes the potential for 
substantial loss of substrate. Substrate type was identified visually as either being 
predominantly organic substrate or mineral substrate. Organic substrates tend to be more 
prone to erosion, especially when moisture content is high (Bryan, 1977).  
Substrate moisture and substrate surface temperature were recorded at every plot 
and were repeated approximately every three weeks for a total of five times over the 
course of the growing season. At Skyline they were recorded on May 31st, June 20th, July 
7th, July 30th, and August 15th. At Mica Hill, they were recorded on June 5th, June 22nd, 
July 13th, July 31st, and August 17th. All measurements were taken within 3-5 days of a 





moisture loss may vary between the exposed trail plots and vegetated reference plots. 
Substrate moisture was recorded in mV using the 10HS Soil Moisture Sensor and the 
Decagon Inc. Procheck. When the substrate was too shallow for the sensor, moisture was 
recorded as NA. Substrate surface temperature was recorded using a single Traceable® 
thermometer to the nearest 0.1 °C between 10:00 am and 2:00 pm. Soil compaction can 
alter substrate moisture regimes where it can cause pooling and poor drainage in some 
areas or reroute water away from others. Surface temperatures tend to fluctuate more 
dramatically on exposed trails where daytime temperatures are much higher and 
nighttime temperatures are much colder compared to undisturbed vegetation (Liddle, 
1997). This large range of temperature can make it more difficult for seedlings to survive.  
Substrate nutrients were also analysed. 500 mL samples were taken from 10 
locations at both Skyline and Mica Hill in August 2018. Locations were selected prior to 
going out in the field on the day of collection and were made to be evenly distributed 
across the closed sections of trail. At each location, one sample was taken next to the trail 
plot and another was taken next to the reference plot. In several cases, soil was taken 
from several dig spots near the plot so as not to create too large a disturbance in any 
single area. The samples were then frozen for preservation before being sent to the Nova 
Scotia Analytical Laboratory in Truro, Nova Scotia. Samples were analysed for total 
nitrogen (%), pH, buffer pH, organic matter (%), P2O5 (kg/ha), K2O (kg/ha), calcium 
(kg/ha), magnesium (kg/ha), sodium (kg/ha), sulfur (kg/ha), aluminium (ppm), boron 





(meq/100 g) LR CaCO3 (laboratory reagents calcium carbonate, t/ha to pH 6.5), as well 
as base saturated potassium, calcium, magnesium, sodium, and hydrogen (%).  
Vegetation (biotic) factors: 
Moss and fruticose lichen cover were estimated visually as percent cover for 
every plot. Fruticose lichen can grow on several substrates and is not restricted to rock 
outcrops. There are also an important indicator group for other environmental factors 
such as air pollution (Gibson et. al., 2013). Moss cover was grouped as either sphagnum 
moss which is generally indicative of wetter habitats, or ‘other’. Mosses and lichens were 
not identified down to the species level due to the amount of time and expertise needed 
for accurate identification.   
Other biotic factors included vegetation canopy height and vascular plant cover. 
Canopy height was measured as the overall vegetation height in each quadrat, estimated 
to the nearest cm. Vascular plant cover was estimated as percent cover for each species. 
As percent cover was estimated individually for each species, it was possible that total 
cover for a single quadrat could exceed 100% due to species overlap.   
Seed bank emergence: 
Soil samples were collected on May 24th, 2019 at Mica Hill hiking trail, and on 
May 29th at the Skyline hiking trail. At each site, five locations were sampled as evenly 
as possible across the closed sections of trail. Again, these locations were selected prior 
to going out in the field on the day of collection. At each location, a 500 mL soil sample 





undamaged vegetation considered reference vegetation (minimum 5 m away from the 
trail edge at Mica Hill, and minimum 3 m away at Skyline). Samples were left to air dry 
for one week before being sieved through a 4 mm sieve to remove any larger particulate 
and concentrate the sample. Samples were then spread out in germination trays which 
were comprised of a bottom layer of 2-4 cm of commercial bagged topsoil (Compliments 
Black Earth Topsoil) and a surface layer 0.5 cm layer of sand to act as a barrier between 
the commercial topsoil and the sample.  
Five replicates each of positive and negative controls were added to the study. 
The negative control was simply trays lined with the commercial bagged topsoil with the 
surface layer of sand. A negative control was included to allow for differentiation 
between seedlings emerging from the collected seed banks and the seedlings deriving 
from local seed rain at the growing site. The positive control involved mixing a known 
quantity of seed with 300 mL of the commercial topsoil and spreading it in the same 
manner as the soil samples on top of the layers of commercial topsoil and sand. This was 
included to determine whether the experimental conditions were conducive to seed 
germination for common species found in the extant vegetation at both trail sites. The 
added seed included: 300 seeds of both Danthonia spicata and Deschampsia flexuosa, 
and 150 seeds of both Vaccinium angustifolium and Sibbaldiopsis tridentata, for a total of 
900 seeds per tray. 
All trays were covered by plastic domes and placed in a randomized block design 
on the northwest facing side of the Parks Canada Chéticamp staff house for 14 weeks 





individuals were recorded and removed. When identification was difficult, individuals 
were removed and potted until potential identification was possible. It is important to 
note that the plastic domes had to be removed for the majority of the second half of the 
study as daily air temperatures were high and seedlings risked over-heating. After 14 
weeks, germination had not stopped, but due to time constraints, the experiment was 
ended.  
2.2.3 Statistical analysis 
Data were summarized and analyzed using R 3.6.1. Data analysis and model 
selection were based on the analysis of general linear models using a Bayesian approach 
based on the rstan and loo packages. The Bayesian approach was used because classic 
statistical tools used are often very specialized and so not able to handle many common 
research questions (McElreath, 2015), and there are concerns with the use of null 
hypothesis significance testing and the misinterpretation of p-values (Halsey et.al., 2015; 
Kruschke, 2015). Bayesian computation involves a process whereby initial prior beliefs 
about a model system are updated by data to produce an outcome of posterior 
probabilities that describe the relationship of factors specified within the model system 
(Kruschke, 2015; McElreath, 2015). Model diagnostics were performed and included: 
running multiple chains to check for convergence (Rhat = 1), ensuring an effective 
sample size, Neff > 5000, plotting posterior distributions against priors to ensure the priors 
are appropriately overwhelmed, and generating a new dataset from the model and 






Substrate factors and nutrients 
To compare substrate factors between sites that were on or off the trail, each 
factor was used in separate models as the dependent predicted variable and trail type (on- 
versus off-trail) was used as a categorical predictor variable. Specifically, the substrate 
characteristics examined were substrate depth, compaction, surface temperature, 
moisture, total cover as well as substrate nutrients: N, P2O5, K2O, organic matter content, 
and pH. Model selection using the Widely Applicable Information criterion (WAIC) 
determined that effects field location (Skyline versus Mica Hill) were dependent on trail 
type, and thus were included as an interaction effect. 
For each factor, a Bayesian model was designed with a continuous metric 
predicted variable. With a metric predicted variable, the appropriate likelihood is a 
Normal distribution, where the probability is based on the probability, p, and standard 
deviation, σ, which is estimated from the data. The standard deviation was allowed to 
vary by type (on-/off- trail). This was implemented in Stan using the normal likelihood 
function. Specifically, the likelihood equation used was: 
𝑝 = 𝛽0 +  ∑ 𝛽1[𝑗]𝑥1[𝑗]
𝑗
+  ∑ 𝛽2[𝑘]𝑥2[𝑘]
𝑘
+  ∑ 𝛽1×2[𝑗,𝑘]𝑥1×2[𝑗,𝑘]
𝑗,𝑘
 
y ~ Normal(p, σ) 
Where: 
 𝛽0 represents the baseline average values across all predictor variables. 𝛽1×2 





dependent on field location of being either at Skyline or Mica Hill, k. 𝛽1 and 𝛽2 represent 
the deflection of being either on- or off-trail, j, and the deflection of being either at 
Skyline or Mica Hill, k, respectively, after accounting for the deflection of the interaction 
effect. For every model, y is the predicted substrate factor or nutrient: substrate depth, 
substrate compaction, surface temperature, substrate moisture, N, P2O5, K2O, organic 
matter, or pH. For substrate depth and compaction were taken three times per plot, the 
data used for these variables were averaged for every plot. Since substrate moisture and 
temperature were repeated on five separate days and average daily conditions can vary 
greatly, only one day (July 30th for Skyline, and July 31st for Mica Hill) was used in the 
analysis. The model was tested with data collected from different days with similar 
results. 
The prior probabilities for 𝛽0, 𝛽1, 𝛽2, and 𝛽1×2were made hierarchical where each 
predictor variable was sampled from a higher order distribution. Thus, the prior means 
were sampled from a hyperprior with a mean centered at zero and a standard deviation of 
1, and the prior standard deviations were sampled from a hyperprior with a mean 
centered at 1 with a standard deviation of 1 to maintain positive variance (Figure 2.4). 
Thus, they were assumed to have no effect but with little weight on this assumption and 
also allow for information sharing across categories. The prior probability for σ was a 
normal distribution with a mean and standard deviation both centered at 1 and was 
allowed to vary based on trail type. All predictor variables were standardized to a mean 
of 0 and standard deviation of 1, then de-standardized following MCMC sampling to 






Figure 2.4. Diagram representation of Bayesian models used to compare the effect of on- 
and off-trail conditions and site location (Skyline versus Mica Hill) on various substrate 
factors and nutrients. Each factor/nutrient was assessed in a separate model using this 
framework.  
 
Seed bank emergence 
To compare the amount of seed bank germination for different sources, the total 
germination count was used as the predicted variable and seed source was used as the 
predictor variable. Specifically, seed source categories included on-trail and off-trail at 





group. Interestingly, AIC selection determined that effects of the blocked design were 
important while WAIC selection considered them to not. Therefore, the effect of block 
was included in the model.  
A Bayesian model was designed with a count predicted variable where values 
were positive integers. With a count predicted variable, the appropriate likelihood is a 
Poisson distribution, where the probability of any number of germinations that will occur 
from each seed source is based on the probability, p, which is estimated from the data. As 
p can only be positive, the predictor variables must be linked to the predicted variable in 
a modified way. With a Poisson distribution, the appropriate link between the predictor 
and predicted variables is the log link, which ensures that the combined effects of the 
predictor variables are positive. This can be implemented in Stan using the poisson_log 
likelihood function. Specifically, the likelihood equation used was: 
𝑝 = ∑ 𝛽1[𝑗]𝑥1[𝑗]
𝑗
+  ∑ 𝛽2[𝑘]𝑥2[𝑘]
𝑘
 
y ~ Poisson_log(p) 
Where: 
β1 is the effect of being from a particular seed source, j, (on-trail at Skyline, 
positive control, etc.) and β2 is the effect of being in a particular block, k. All effects are 
thus on the log scale. Priors of both seed source and block variables were made 
hierarchical where each predictor variable was sampled from a higher order distribution. 





standard deviation of 1, and the prior standard deviations were sampled from a hyperprior 
with a mean centered at 1 with a standard deviation of 1 to maintain positive variance 
(Figure 2.5). This allowed for information sharing across categories. Additionally, the 
priors were assumed to have no effect but with little weight on this assumption. 
 
Figure 2.5. Diagram representation of Bayesian hierarchical model used to compare total 







2.3.1 Trail characteristics 
At the Skyline trail, the slope only exceeded 12° for the first 70 m and only for 
one sample observation at the Mica Hill trail. At Skyline, the trail was 430 m long with 
an average trail width approximately 1.25 m and spanned a total area of approximately 
525 m2. At Mica Hill, the decommissioned sections combined were roughly 979 m long, 
with an average trail width approximately 2.4 m, and spanned a total area of 
approximately 2400 m2.  
Table 2.1 shows the top-most abundant and present species found on- and off-trail 
at both Skyline and Mica Hill. Abundance was calculated as total percent cover across 
designated plots and presence was calculated as the number of plots it appeared in. At 
Skyline, trail and reference plots were very similar across abundance and presence, where 
the most abundant species were the same on- and off-trail: Artostaphylos uva-ursi and 
Vaccinium angustifolium  ̧Sibbaldiopsis tridentata, Deschampsia flexuosa, and Juniperus 
communis. Danthonia spicata and Solidago bicolor were the only species that appeared 
more often on trails than in the reference vegetation.  
At Mica Hill, there was a clear difference in species assembly on and off the trail. 
On-trail conditions included species that are more commonly associated with wet 
meadow communities, such as Juncus brevicaudatus, Hypericum canadense, and Carex 
echinata. In the reference vegetation, the most abundant and present species include 





angustifolium. There is a clearer dichotomy of species assembly at Mica Hill, when 
compared to that of Skyline. 
Table 2.1. Top 5 most abundant and most present species according to trail plots and 
control plots for Skyline and Mica Hill. Species are ordered from #1 being the most 
abundant/present, to #5 being the fifth most abundant/present. 
SKYLINE 
Abundance  
(total percent cover) 
Presence 
(number of plots where it was present) 













































(total percent cover) 
Presence 
(number of plots where it was present) 







4. Carex echinata 
5. Milium effusum 
 


































Average cover types also varied on- and off-trail and between both field site 
locations (Figure 2.6). For both Skyline and Mica Hill, leaf litter predominated all cover 
types in the reference vegetation. At Mica Hill however, reference vegetation also 
constituted some cover of fruticose lichen, sphagnum moss and other moss while at 
Skyline these forms of cover were essentially non-existent. When considering on-trail 
conditions, again Mica Hill included more variety in types of cover including some 
degree of leaf litter, sphagnum moss, other moss, soil, gravel, and rock. At Skyline, the 
mosses were absent from the trail. 
 
Figure 2.6. Summary of average percent cover variables for on-trail (Trail) and off-trail 
(Reference) plots for both Skyline and Mica Hill. Variables include leaf litter, fruticose 






2.3.2 Substrate factors 
Raw data show there are some variations in depth, compaction, surface 
temperature and moisture between on-trail and off-trail conditions and between both 
Skyline (Figure 2.7) and Mica Hill (Figure 2.8). Modelling each independent response 
variable (e.g., substrate depth, surface temperature), against whether the value was taken 
on or off the trail either at Skyline or Mica Hill, allowed for site specific responses to be 









Figure 2.7. Boxplot summaries of on-trail (Trail) and off-trail (Reference) comparisons: 
substrate depth, compaction, vegetation cover, surface temperature, and moisture at the 
Skyline hiking trail. All data points are shown jittered over the boxplot. Depth and 
compaction measurements were repeated three times per plot. Temperature and moisture 
measurements were taken every 2-3 weeks on five separate occasions. These are graphed 







Figure 2.8. Boxplot summaries of on-trail (Trail) and off-trail (Reference) comparisons: 
substrate depth, compaction, vegetation cover, surface temperature, and moisture at the 
Mica Hill hiking trail. All data points are shown jittered over the boxplot. Depth and 
compaction measurements were repeated three times per plot. Temperature and moisture 
measurements were taken every 2-3 weeks on five separate occasions. These are graphed 






Overall, on-trail conditions had shallower depth, higher compaction, higher 
surface temperature, higher substrate moisture, and lower total cover, when compared to 
reference, off-trail conditions at both Skyline and Mica Hill (Figure 2.9). For depth, trails 
were, on average, 10.65 cm shallower at Mica Hill and 4.77 cm shallow at Skyline. For 
substrate compaction, trails were, on average 1.13 kg/cm2 more compact at Mica Hill and 
1.53 kg/cm2 more compact at Skyline. For surface temperature, trails were, on average, 
7.86 °C warmer at Mica Hill and 1.53 °C warmer at Skyline. For substrate moisture, trails 
were on average 122.25 mV higher at Mica Hill and 143.22 mV higher at Skyline. 
Finally, for total cover, trails were, on average, roughly 102 % lower for both Skyline and 






Figure 2.9. Comparing trail and reference conditions at Skyline and Mica Hill for 
substrate factors: substrate depth (cm), compaction (kg/cm2), surface temperature (°C), 
moisture (mV), and total vegetation cover (%). Positive values indicate higher values on 
the trail and negative values indicate lower values on the trail. Zero values indicate no 
clear difference between the variable and each condition. Shaded regions represent 95% 





Raw data shows there are some variations in substrate nutrients and pH between 
on-trail and off-trail conditions and between both Skyline and Mica Hill (Figure 2.10). 
Modelling each independent response variable (e.g., %N, K2O), against whether the value 
was taken on or off the trail either at Skyline or Mica Hill, allowed for site specific 
responses to be determined (Figure 2.11).  
 
Figure 2.10. Boxplot comparison of on-trail (Trail) and off-trail (Reference) conditions of 
five major soil nutrients for both Skyline and Mica Hill hiking trails. Nutrients include: 







Overall, on-trail conditions had lowered nutrient content and higher pH, when 
compared to reference, off-trail conditions at both Skyline and Mica Hill. For N, trails 
were, on average, 0.73 % lower at Mica Hill and 0.43 % lower at Skyline. For P2O5, trails 
were not different than the reference at Mica Hill, and, on average, 45.93 kg/ha lower at 
Skyline. For K2O, trails were, on average, 151.53 kg/ha lower at Mica Hill and 98.79 
kg/ha lower at Skyline. For organic matter content, trails were, on average, 32.64 % less 
at Mica Hill and 12.93 % less at Skyline. Finally, for pH, trails were, on average roughly 






Figure 2.11. Comparing trail and reference conditions at Skyline and Mica Hill for 
substrate nutrients: N (%), P2O5 (kg/ha), K2O (kg/ha), organic matter (%), and pH. 
Positive values indicate higher values on the trail and negative values indicate lower 
values on the trail. Zero values indicate no clear difference between the variable and each 
condition. Shaded regions represent 95% highest density intervals and displayed values 





2.3.3 Seed bank emergence 
Overall, germination was low and the majority of species that were identified 
were weed species that were not present at either field sites (Figure 2.12). There were 580 
germinations in the positive control trays where 4500 seeds had been sown. The summary 
count of seed sources, across all 5 replicates were: 154 for Mica Hill reference trays, 472 
for Mica Hill trail trays, 159 for Skyline reference trays, 95 for Skyline trail trays, and 
finally, 93 germinations in the negative control trays. Due to the time constraints of the 
study, some species were only able to be identified to the genus level. The most abundant 
species found were: Danthonia spicata, Vaccinium angustifolium, Deschampsia flexuosa, 
Sibbaldiopsis tridentata, Taraxacum officinalis, Hypericum canadense, Cerastium 
fontenum, Urtica urens, and Chenopodium album.  
 
 
Figure 2.12. Total germination counts of the 4 most abundant species identified for each 
seedbank source: off the trail (Ref) and on the trail (Trail) from Mica Hill, off the trail 






To understand how posterior distributions relate to each other, the difference 
between them and the result is a distribution of the particular pairwise comparison. This 
is sampled across all values of the blocking variable. If the new distribution does not 
overlap zero, there is a difference between examined posterior distributions. Germination 
in the positive control was about 6 times higher than in the negative control (Figure 2.13). 
At Mica Hill, roughly 3 times as many germinations resulted from soil collected on-trail 
than off-trail and at Skyline, there were about 40% fewer germinations from soil 
collected on-trail than off-trail (Figure 2.14). Compared to the negative control, all seed 
sources had higher germination counts, except for that of the on-trail at Skyline, which 
showed no difference (Figure 2.15). 
 
   
Figure 2.13. Difference in germination count between positive and negative controls. β1[6] 
is the marginal distribution of being in the positive control and β1[5] is the marginal 
posterior distribution for being in the negative control. Posterior distributions were 
exponentiated to represent ratios. Displayed values represent the median frequency 
estimate. Shaded regions represent 95% highest density intervals. The dashed vertical 







Figure 2.14. Difference in germination count between off-trail reference sites (Ref) and 
on-trail sites (Trail) for both sites. Posterior distributions were exponentiated to represent 
ratios. Displayed values represent the median frequency estimate. Shaded regions 
represent 95% highest density intervals. The dashed vertical line at 1 represents a ratio of 
1. β1[1], β1[2], β1[3], and β1[4], are the marginal posterior distributions for Mica Hill 
reference, Mica Hill trail, Skyline reference, and Skyline trail, respectively. 
 
Figure 2.15. Total germination counts for each source compared against the negative 
control. Posterior distributions were exponentiated to represent ratios. Displayed values 
represent the median frequency estimate. Shaded regions represent 95% highest density 
intervals. The dashed vertical line at 1 represents a ratio of 1. β1[1], β1[2], β1[3], β1[4], and 
β1[5] are the marginal posterior distributions for Mica Hill reference, Mica Hill trail, 







Firstly, surface cover types between on-trail and off-trail conditions varied greatly 
(Figure 2.6) while total vegetation cover was reduced (Figure 2.9). At both sites, on-trail 
conditions were more varied with greater instances of exposed rock, gravel, and soil 
whereas off-trail conditions mainly consisted of leaf litter. This is not surprising at Mica 
Hill where the trail was previously maintained as a fire road and vegetation would have 
been cleared. Nor is this surprising at Skyline which receives thousands of visitors every 
tourist season and trampling of this closed area, even at low rates, has reduced vegetation 
cover and height and has led to the subsequent exposure of soil.  
Secondly, impacts to the substrate were notable (Figure 2.9 & Figure 2.11). On-
trail conditions included decreased depth, higher compaction, higher daily surface 
temperatures, and higher moisture content. In terms of substrate nutrients on-trail 
conditions were associated with lower nutrients and higher pH values.  
Thirdly, while the number of germinations were low over the course of the 
experiment, seed banks were present in the reference conditions at both Skyline and Mica 
Hill (Figure 2.15). At Mica Hill, there was a noticeably larger seed bank on the trail 
(Figure 2.14), but the main two species that germinated (Juncus spp and H. canadense) 
were not found in the reference vegetation and represent a wet meadow community type. 
At Skyline, there was no difference in germination count between trail conditions and the 





Skyline. Therefore, on the trail at Skyline has no potential source of recovery via means 
of seed bank germination. 
Trampling and compaction reduce cover 
As trampling can contribute to lower resistance and resilience (Mason et. al., 
2015), repeated trampling events can inhibit any regrowth of vegetation and soil exposure 
persists. There is potential for the exposed areas to expand in width every time someone 
steps slightly off the path. Additionally, trampling can often have a delayed impact where 
cover continues to be reduced up to 6 to 12 months following a trampling event (Whinam 
et. al., 2003). Particularly at Skyline where trampling is more frequent, the poorly 
resistant and poorly resilient coastal headland vegetation is quickly reduced and can 
potentially reduce further even after removal of trampling pressure, with little ability to 
recover naturally as the area in question will continue to be stressed .  
Trampling is also the likely cause for increased soil compaction in on-trail 
conditions (Figure 2.9). Compaction can alter soil characteristics physically, biologically, 
and chemically (Tracy et. al., 2011). Trampling leads to compaction which reduces soil 
pore space and can even alter soil microbial communities (Kissling et. al., 2009). Pore 
space is essential in healthy soils where pore space can hold water and, more importantly, 
oxygen needed for root growth (Liddle 1997). To add, soil physical strength reduces root 
elongation (Benigno et. al., 2012). Thus, even with the removal of trampling pressure, the 
effects of compacted soil could persist indefinitely, and continue to negatively impact 
seedling establishment and halt root growth which would further the persistence of 





Exposure alters moisture regimes, daily temperatures, and nutrient content 
Compaction and trampling exposure can also lead to altered moisture regimes. 
Soil moisture content decreases the resistance of vegetation at both extremes, where 
plants are crushed into wet soils at high moisture contents and are easily broken when 
moisture content is low (Price, 1985). Water run-off can also be increased when 
compaction is increased (Korkanç, 2014). Topsoil also contains many essential nutrients 
for plant growth and any loss of topsoil through erosion processes such as water run-off 
can greatly deteriorate growth conditions (Holmes, 2001).  
To add, daily temperatures were higher in on-trail conditions (Figure 2.9). 
Exposed, compacted soil lacks the insulating effect of vegetation and tends to experience 
a greater range of temperature fluctuations wherein these areas tend to be hotter at 
midday and colder at midnight than unaltered reference vegetation (Liddle, 1997). This 
study did not consider nighttime temperatures. Most species tend to germinate optimally 
at 20 °C (Rydgren et. al., 2017). High daily temperatures via reduced shading and 
increased exposure on trails can contribute to seed bank loss, poor germination rates and 
reduce the potential for natural recovery. 
Additionally, there was very little leaf litter found on trails (Figure 2.6) where 
exposure to wind and water run-off likely forces leaf litter to blow elsewhere and likely 
get trapped off-trail where vegetation cover is higher. Litter addition enhances soil C 
mineralization and N mineralization at lower temperatures in alpine environments (He et. 
al., 2014). The loss of litter on trails can reduce these processes making it more difficult 





mineralization was reduced and rather was immobilized at higher temperatures. As daily 
temperatures are significantly higher on trails, there is potential for N immobilization to 
contribute to nutrient loss on trails. To add, leaf litter can often be a source of seed-
trapping material which can promote regrowth of vegetation and any loss of soil can 
remove this source of recovery and potentially promote the growth of non-native species 
(Putwain & Gilham, 1990). This is a potential reason for the lack of any established seed 
bank on the trail at Skyline which had very poor leaf litter cover. 
Loss of topsoil alters nutrient content and acidity 
Soil depth is often negatively associated with trail degradation (Leung & Marion, 
1996), substrate depths were shallower on trails at both Skyline and Mica Hill, although 
only by 10.65 cm and 4.77 cm, respectively (Figure 2.9). This may be because soils are 
generally shallow and rocky in barrens habitat. Therefore, any loss of soil on trails in 
terms of depth, may not be significantly different from the already shallow depth of 
undamaged vegetation. However, since topsoil is the most important source of nutrients 
for plant growth, any of its loss has the potential to negatively impact plant growth and 
overall cover.  
The lower content of all major nutrients for plant growth on trails is likely the 
consequence of the loss of the organic topsoil layer via erosion. What remains is a 
nutrient-poor, rocky mineral soil (personal observation). Terrestrial plant communities 
are often limited by N or P, or both (Wetterstedt & Billberger, 2012). Bowman et. al. 
(1993) demonstrated that wet alpine meadow communities are limited by N while dry 





Skyline is co-limited by both N and P and the general reduction of all nutrients will to 
contribute to reduced vegetation cover and its ability for natural recovery.  
Although topsoil has better water-holding capacity than lower layers of soil 
(Holmes, 2001), when trampling intensity is increased, the ability of soil to hold water is 
similarly reduced across all depths (Korkanç, 2014). However, water uptake by roots 
becomes more difficult as compaction increases (Tracy et. al., 2011). The lack of 
vegetation and root networks on the trails, combined with very compact soils, can reduce 
the ability for water to be removed from the trail (Lemauviel & Rozé, 2003) despite 
elevated temperatures which can increase evaporation. The result is higher moisture 
content on-trails when compared to off-trails where dense vegetation can quickly absorb 
most of the available water within 3-5 days of a rainfall event.  
In addition, the loss of topsoil is akin to loss of the acidic humic layer of soil. 
Many ericaceous species are not well-suited to calcareous soils (Clarke, 1997), and so 
increased soil pH has the potential to promote the growth of non-native or non-target 
species. The change in pH may also affect soil microbial communities which can cause 
changes to the above-ground vegetation (De Vries et. al., 2012) and particularly bacterial 
composition which is strongly affected by pH gradients (Rousk et. al., 2010). Therefore, 
the increased soil pH on trails can greatly affect natural recovery of native vegetation 
through a variety of mechanisms that were not considered in this study. This effect is 
potentially more notable at the Mica Hill hiking trail, where a more distinct community 






Seed bank recovery potential is low 
Some restoration projects have shown that vegetation is able to recover via seed 
bank germination, provided damage is not severe (Prach & Hobbs, 2008) or if there is an 
adjacent, intact seed bank (Sawtschuk et. al., 2010). Conversely, if the damage is too 
severe and the seed bank is compromised, there is reduced potential of spontaneous 
natural recovery. While seed bank emergence studies typically take place in controlled 
greenhouse environments, it was possible to conclude from the outdoor emergence study 
that there is some form of seed bank present at both Skyline and Mica Hill hiking trails in 
unaffected, off-trail vegetation (Figure 2.15).  
When compared to the negative control, all seed sources, except for on-trail at 
Skyline, produced higher rates of germination (Figure 2.15). A possible cause for lack of 
a seed bank includes substrate compaction, which can limit seed penetration and 
persistence in the soil. Additionally, reduced vegetation cover can remove any potential 
for seeds to become trapped and remain in branches and dense leafy vegetation, and high 
wind exposure can cause seeds to be blown off-site. While ericaceous species often found 
on barrens tend to have long-lived persistent seed banks (Canals & Sebastià, 2002), low 
germination rates from this study do not support this statement. Albeit, many factors may 
have contributed to poor germination rates in this study. 
While germinations were higher on the trail at Mica Hill (Figure 2.14), they 
mainly consisted of two species which were not present in undisturbed areas: H. 
canadense and an unidentifiable Juncus spp. (Figure 2.12) that is likely Juncus 





is possible that outdoor growing conditions mimicked that of overheated and exposed 
trails, which promoted the growth of these species. To add, species of the genus Juncus 
and Hypericum generally contribute large quantities of seed every season that can 
contribute to persistent seed banks (Quintana-Ascencio & Morales-Hernández, 1997; 
Kirschner et, al., 2002; Måren & Vandvik, 2009). Therefore, growing conditions and seed 
volume likely contributed to the germination success of these species. 
Setbacks regarding seed bank emergence study 
Overall, germination rates were low for every treatment. This is likely due to the 
study design wherein environmental factors such as temperature were not controlled. 
Most germination studies perform germination trials within a controlled greenhouse 
setting (Rygren et. al., 2017; Vanstockem et. al., 2018). Most species germinate optimally 
at 20 °C (Rydgren et. al., 2017) and it is likely that temperatures often exceeded this 
range in this outdoor study which may have contributed to low overall germination rates. 
However, Galinato & Van Der Valk (1986) found that germination percentages were 
highest under alternating temperature regimes. Insufficient knowledge of germination 
requirements, particularly in heathland and grassland communities can misrepresent seed 
bank profile and important species in a population can potentially be omitted (Bossyut & 
Hermy, 2003). Therefore, germination studies controlled at a single temperature may 
produce a seed bank profile that is not representative of the actual profile.  
Most species germinated were not those found in undamaged vegetation at either 
Mica Hill or Skyline hiking trails. As these species were present in all seed sources as 





The two main causes of contamination were likely the commercial topsoil used to 
increase soil quantities and seed rain from weedy lawn vegetation near the study location. 
A layer of sand was meant to act as a barrier between soil types but was not thick enough 
to inhibit all germination. Some species, often considered as weeds, germinated in all tray 
types where some were seen present as mature individuals bearing seeds in nearby lawn 
vegetation, and some were not. For the latter half of the study, plastic domes, which were 
meant to prevent seed rain, had to be removed as rising daily temperatures and sun 
exposure would have been detrimental to seedling survival. 
Another contributing factor to low germination rates may have been the length of 
the study. In general, emergence studies continue until a period of time passes, varying 
from 1 week to several weeks, where no new germination is observed (Ter Heerd et. al., 
1996; Ma et. al., 2013; Fennell et. al., 2014). This study ran run for 14 weeks, before 
being halted due to time constraints. Germination continued until the final week of 
monitoring and possibly would have persisted into the late Fall. However, there is 
potential that the prolonged germination period is due to the seed rain of nearby weed 
species which have the potential to germinate without any stratification processes. 
Consideration for restoration practices at these locations 
Overall, high trail usage and disturbance at both closed sections of trail at Skyline 
and Mica Hill have led to degraded ecosystems that are not likely to recover naturally 
within a reasonable timeframe, if at all. A high degree of compaction and soil loss on 
both trails is likely the main cause for reduced vegetation cover, increased substrate 





which can reduce germination rates, as well as increased soil erosion. All factors affect 
each other in positive feedback loops and thus, active intervention is required to break the 
cycle. Soil quality is poor and itself is lacking and so restoration measures that bring new 
material into the system are likely to reintroduce essential plant nutrients and decrease 
compaction which should allow for increased plant growth.  Other measures that should 
be explored include directly reintroducing plant material into the system through mature 
plants which can increase cover, reduce temperature fluctuations, and whose root 
networks can stabilize and protect soil from erosion. Additionally, desirable seed can be 
added to restore a version of a seed bank of the species targeted for restoration. In 
general, it will be important to consider restoration strategies that target both 
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Restoration practices along trails and in parks have often been employed when 
vegetation damage reaches a point where visitor experience becomes impacted. Visitor 
experience can be strongly affected by their perceived degradation of the surroundings 
(Timothy, 2015). A study by Lynn and Brown (2003) found that vegetation damage and 
fire rings contributed to the most negative visitor experiences, followed by trail 
extension, widening and erosion. Improving trail conditions and surrounding vegetation 
especially in areas where natural, passive regeneration will take a long time, can boost the 
quality of experience for users of the trails.  
Various treatments have been tested in many barren and heathland regions to 
improve biodiversity and ecosystem functioning of degraded trails and regions. Passive 
restoration efforts of simply closing off degraded sections of trails and allowing the area 
to regenerate have been successful, but only when the seedbank is still intact (Sawtshuk 
et. al., 2010). Other restoration projects have shown that after 15 years of removal of 
walking pressures, revegetation still might not occur (Scherrer & Pickering, 2006). 
Active intervention in these areas becomes desirable. Such treatments include transplants 
(Ebersole et. al., 2004), turf cuttings (Pywell et. al., 1995; Vergeer et. al., 2006), seeding 
(Scherrer & Pickering, 2006; Burke, 2008, Rydren et. al., 2017), soil amendments 
(Burke, 2008) and the use of erosion control mats (Ebersole et. al., 2004). 
3.1.1 Transplanting and turf mats 
Transplanting and the use of turf mats in damaged areas can be an effective 





harvested seed or the direct transplanting of mature plants from a nearby location. In this 
manner, live mature plants are immediately reintroduced to degraded areas and 
immediately provide a form of vegetation cover. However, transplants need to be hardy 
enough to endure more stressful conditions in these areas which tend to have larger 
surface temperature fluctuations and more instances of drought (Liddle, 1997).  
A common method of transplanting involves cutting turfs or sods of vegetation 
from a donor site which typically hosts the same community type as the recipient site. 
With this method, soil is also added to the restoration site which is likely host to 
beneficial mycorrhizal and microbial communities which are responsible for a 
biogeochemical transformations and soil structure (Eviner & Hawkes, 2008) and also can 
contain a portion of the native seed bank. Turf transplants can be more successful than 
transplanting single plants (Pywell et. al., 1995) where plants are already conditioned to 
the area and are often more mature than plants grown ex situ. Turf size and plant type 
play an important factor in success where grassland vegetation can tolerate smaller turf 
divisions better than shrubland vegetation (Aradottir, 2012). 
While turf cutting is very effective at restoring damaged sites, it does have 
significant implications for the donor sites. It was found that arbuscular mycorrhizal 
spores, which promote growth and germination of some barren species, decreased in 
concentration in areas where turfs were taken (Vergeer et. al., 2006). To add, cutting 
turves from a wet barren in areas where hydrology has been altered can negatively impact 
soil seed banks (Berg et. al., 2003; Jansen et. al., 2004) and the depth of the turf cut plays 





further issues in the regions where they were taken. They are also often time intensive 
and can be costly (Pywell et. al., 1995). 
3.1.2 Seeding 
Seeding an area is a common restoration strategy for barren and alpine 
communities. Seeds will often go through a period of dormancy until the right abiotic 
conditions arise that trigger germination. Using seed can be more cost and time effective 
than transplanting, but successful germination and survival in the damaged area may be 
more challenging as the seedling stage is often the most stressful part of the plant’s life 
cycle and can be particularly affected by soil compaction (Bassett et. al., 2005).  
Seed size can also affect germination and growth. Smaller seeds tend to spend 
more time in the soil before germination and have higher mortality rates than larger seeds 
due to higher rates of fungal and bacterial infection (Moles & Westoby, 2014). However, 
they take less time to reach reproductive maturity (Moles & Westoby, 2014). To add, 
germination rates can be affected by light. For example, Deschampsia flexuosa had high 
germination rates in its natural habitat and germinate well with the presence of light or in 
the darkness (Pons, 1989). 
Plant type is another factor where seeding is generally more effective for 
graminoids and forbs, whereas shrubs and trees, which grow more slowly, may require 
transplanting (Cole, 2007). Also, it is important to consider which species should be a 
part of a seed mixture. A study in grasslands, found that high-diversity seed mixtures 
resulted in significantly more biomass and ground cover than a low-diversity seed 





established significantly more cover after 3 years when grown in a monoculture than 
when it was grown in a mixture with two other grass species (Rydgren et. al., 2017). 
Therefore, the species grown from seed may experience competition rather than co-
existence or facilitation and results are likely dependent on the specific combinations of 
mixtures that are used.  
3.1.3 Soil amendments 
In barrens, the soil depth is often shallow and so is quickly eroded when 
disturbed. Adding fresh topsoil to a disturbed site has been shown to be effective where 
seedling survival and growth is significantly improved compared to sites without topsoil 
(Holmes, 2001). Adding an organic component to degraded areas, such as compost, has 
also been shown to improve biomass production in serpentine communities (Meyer-
Grünfeldt et. al., 2015). To add, seeding and transplanting treatments are significantly 
more effective at increasing plant density when grown on organic soil than when grown 
on mineral soils (Cole, 2007; Rydgren et. al., 2017). Soil amendments can greatly 
increase the chances of a successful restoration project, and to be able do so within a 
more reasonable timeframe (Ohsowski et. al., 2012). 
As barrens soils are generally low in nutrients, fertilization of the degraded areas 
can improve soil quality. Nutrient addition can also affect plants differently based on 
their life-history stage such that the seedling phase is often the most susceptible to 
damaging events and fertilization has the most potential to improve seedling success 
(Meyer-Grünfeldt et. al., 2015). Species are also limited by different nutrients (Roem et. 





However, improving soil quality can encourage the growth of other species which 
may not be dominant in the given area (Helsper et. al., 1983; Holmes, 2001). For 
example, altering the ratio of phosphate, nitrogen, and calcium in the soil can promote the 
growth of species other than Calluna vulgaris in a Calluna-type barren (Helsper et. al., 
1983). However, the effects of fertilization can wear off within the first few years as 
nutrients are taken up by vegetation and leach into the soil (Helsper et. al., 1983). To add, 
the effects of fertilizer tend to increase the density of non-native plant species the 
shallower the soil (Holmes, 2001). While there is the benefit of adding fertilizer to 
damaged areas, it is important to consider the associated risks of optimizing the area for 
non-target or non-native species that can inhibit the growth of native species (Hagen et. 
al., 2014).  
Natural atmospheric deposition of nitrogen compounds can decrease plant species 
diversity in barrens environments (Roem et. al., 2002) as well as cause community shifts 
from ericoid shrubs characteristic of barrens to perennial grasses (Fagúndez, 2012). 
Nonetheless, one study in the UK has shown that nitrogen addition, simulating 
atmospheric deposition, can lead to an increase in plant density and size of the soil 
microbial community in heathlands up to eight years after fertilization (Power et. al., 
2006). The effects of nutrient addition in barrens can be varied and are likely dependent 
on specific barren community types and influencing environmental factors.  
Once the topsoil is added, the newly added soil may continue to erode if the initial 
erosion pressures are not removed. In some cases, the removal of walking pressures may 





increase sediment loss through runoff or displacement during heavy rain or wind events, 
respectively (Liddle, 1997).  Soil erosion controls such as mats have been proven to be 
effective when used in conjunction with soil seeding and transplanting treatments. 
Ebersole et. al. (2004) found that seedling germination and survival were significantly 
higher when grown under an erosion control mat. The mats generally consist of 
biodegradable fibers, such as aspen shavings or coconut husk, which are interwoven into 
a blanket that can be rolled over the affected area and staked into the ground. Many mats 
have different slope efficiency ratings and vary in lifespan from 6 months to 24 months. 
Other erosion controls via brush mats and hay mulch have also been shown to reduce 
sediment loss (Ellis, 2017).  
3.1.4 Further restoration considerations 
When choosing which species to transplant as well as designing seed mixtures to 
use in a restoration project, using native species is becoming increasingly important 
(Matesanz & Valladares, 2007; Rydgren et. al., 2017). Hagen et. al. (2014) found that, 
while the use of non-native species can increase the total vegetation cover, after more 
than 20 years, there was no natural succession from non-native species to native species. 
And when native species were used in mixtures with non-native commercial species, 
overall revegetation was not increased as the native species were outcompeted rather than 
facilitated by the quick-establishing non-native species (Matesanz & Valladares, 2007).  
While the use of native stock seed populations through artificial selection 
processes can have increased germination rates and overall vigor, they can be poor 





species are found to have more homozygous genes and thus suffer from inbreeding 
depression as a result of stock populations being propagated repeatedly over many 
generations without introducing new genetic material (Aavik et. al., 2012). Therefore, 
wild-collected native species should be used when possible to re-establish vegetation in 
degraded barren sites to avoid the introduction of new species that could outcompete and 
potentially disrupt the ecosystem.  
While there has been some debate about the need to use locally sourced plants and 
seeds in restoration projects (Wilkinson, 2001; Jones, 2013), overall, the consensus is that 
local is better (Hamilton, 2001; Vander Mijnsbrugge et. al., 2010; Bucharova et. al., 
2017, Miller et. al., 2017). Locally adapted and non-local plants of the same species have 
some genetic differences such that plants will have improved fitness when planted in the 
same area from which they were sourced when compared to the same species sourced 
from a different region (Bucharova et. al., 2017). Their phenology is reflective of their 
source area and thus are more likely to be successfully pollinated. Furthermore, the use of 
non-local origins for plants and seeds run the risk of introduction new genetic material 
into the area which could potentially disturb the genetic structure of the ecosystem 
(Hamilton, 2001; Vander Mijnsbrugge et. al., 2010; Rydgren, 2017). Other genetic issues 
involved with non-local plant sources include maladaptation to the local environment, 
subsequent outbreeding depression as local and maladapted non-local hybridization 
occurs, or non-local plants outperform local plants and have the potential to become 





In general, the addition of native topsoil is very effective at promoting the 
regeneration of native species (Pywell et. al., 1995; Burke, 2008), and the use of non-
native species in seeding and transplanting treatments does not lead to the succession of 
native species, even in the long term (Scherrer & Pickering, 2006; Hagen & Hansen, 
2014). These results drive home the importance of sourcing native species, from nearby 
locations, for any restoration project as well as re-establishing an organic layer of soil 
from which these barrens species can thrive.  
3.1.5 Current challenges 
Restoration ecology is a relatively new field of study and attempts to address 
critical issues surrounding the degradation of an ecosystem but also offers the opportunity 
to explore ecology theory through direct manipulations of the environment. 
Unfortunately, there appears to be a disconnect between ecological theory and practice 
(Cole, 2004; Wainwright et. al., 2018) and restoration practices do not appear to be 
advancing as they have barely changed in the past 30 years (Le Roy, 2018). Conceptual 
frameworks for the relationships between recreation, soil, and vegetation need to be 
further defined and refined (Cole, 2004).  
To add, restoration goals are often too idealistic and fail to define realistically 
feasible and achievable goals (Ehrenfeld, 2000). Restoration goals can also vary from 
different perspectives. Some goals involve the preservation of rare or endangered species, 
while others focus on recreating pre-disturbance conditions, and yet others are concerned 
with landscape-scale restoration of ecosystem services such as the restoration of 





time to determine the long-term effects of the treatments. Most restoration data are 
described within a time span of less than five years (Le Roy et. al. 2018) which may not 
be enough to determine the full impacts of the restoration treatments on the area. This 
likely contributes to the apparent stagnation of the field.  
When restoration practices focus solely on improving biodiversity, ecosystem 
services are not always restored (Bullock et. al., 2011). However, the definition of 
ecosystem service is not always clear and can vary from site to site leading to criticism of 
the concept (Erhenfeld, 2000). In conjunction, the very definition of success in a 
restoration project is not always clearly defined or varies from project to project (Prach 
et. al., 2019). Prach et. al. (2019) suggest that all restoration goals should be met with 
specific and measurable restoration targets and subsequently followed up with clearly 
defined, measurable indicators of success.  
Another issue in restoration projects is that many projects, especially those carried 
out by the private sector, do not on report costs which can strongly affect the feasibility 
of the treatments with respect to the restored ecosystem services (Bullock et. al., 2011). 
Including cost data would provide meaningful information to future restoration projects 
on the time, cost, and feasibility of the treatments should be considered alongside the 
effectiveness of the treatments in producing vegetation cover, soil stabilization, etc.  
Overall, a significant amount of research has been done in the field of restoration 
ecology since it began in the 1960s. Many strategies have been implemented in barrens 
and alpine communities around the world, but have not been tested, to our knowledge, in 





environments, as well as incorporating key concepts of ecological theory will be 
extremely relevant to the subject of this thesis: a restoration project that took place on a 
closed portion of the Skyline hiking trail in Cape Breton Highlands National Park, Nova 
Scotia. While this portion of trail has been closed for more than 10 years, there has been 
no natural recovery of the headland barrens vegetation, prompting the need for active 
restoration techniques to identify potential methods that could be implemented at a large 
scale in the future to speed up the recovery process.  
3.1.6 Project objectives 
Results from Chapter 2 determined that both soil and vegetation were affected on 
closed portions of trail at both Skyline and Mica Hill. Due to time constraints, restoration 
strategies could only be tested at Skyline. At Skyline, the substrate was highly 
compacted, reduced, and nutrient poor, and so topsoil addition was included as part of the 
treatments. Additionally, trails were exposed with little vegetation cover and subject to 
erosion, and so transplants were included as well. Lastly, the closed sections of trail at 
Skyline had no viable seed bank, and so seed addition was also included.  
To determine potential successful restoration strategies in Cape Breton Highlands 
National Park, experimental restoration treatments were implemented on the closed 
sections of the Skyline hiking trail. Replicates of five treatments were set up along 5 m 
stretches of the closed trail. The project aimed to determine which of the 5 treatments 
contributes to the largest increase in plant cover and quality over the course of the first 
growing season. To add, as the project post-restoration monitoring will be conducted by 





vegetation cover data were compared for their similarity and determine which is most 
appropriate for the long-term monitoring. This project included the design, baseline data 
collection and implementation of restoration treatments and monitoring during the first 
year. 
3.2 Methods 
3.2.1 Seed collection and germination 
Native and locally sourced species were emphasized to minimize the introduction 
of new genetic material and potentially invasive species (Bucharova et. al., 2017; 
Rydgren et. al., 2017). Seeds were collected from Skyline and Mica Hill, and various 
nearby locations within the Park. Chosen species were those who were most abundant 
within quadrats at Skyline, who were present across many quadrats, and who had readily 
available seed. These included lowbush blueberry, Vaccinium angustifolium, bunch 
berry, Cornus canadensis, three-toothed cinquefoil, Sibbaldiopsis tridentata, wavy hair 
grass, Deschampsia flexuosa, and poverty oat grass, Danthonia spicata. V. angustifolium, 
C. canadensis, S. tridentata, and D. flexuosa were all found in high abundance and 
presence in the reference undamaged conditions at Skyline (Table 2.1). While D. spicata 
was not among the most abundant in the reference vegetation at Skyline, it was found 
there and was common on the trail. It is also known to be a highly disturbance-tolerant 
species that is present in many successional habitats and thus is capable of thriving in 
stressed systems. All species were also chosen because they had easily accessible seed 
sources and were known to be relatively easy to germinate and grow in large quantities 





Collected D. flexuosa, D. spicata, and S. tridentata were air-dried before being 
cleaned using a 2 mm sieve and then stored dry in a fridge at 4 C. C. canadensis and V. 
angustifolium seeds were extracted from berries using a blender and water. Once blended, 
viable seeds settled to the bottom and water was slowly drained off and seeds were 
spread out on paper towel to dry. C. canadensis was then warm moist stratified for 1 
week before being cold moist stratified for 3 weeks. V. angustifolium was cold moist 
stratified for 2 months. Water used for stratifications was collected rainwater, which has a 
lower pH than tap water and is more akin to the acidic environment of Nova Scotian 
barrens. At the end of the stratification period, C. canadensis and V. angustifolium were 
then air dried before being stored dry in a fridge.  
All species were germinated using in trays of Pro-Mix LP15 multi-purpose 
growth medium. Trays were free-draining. For the entirety of the germination process, 
collected rainwater was used to water the trays to promote germination of the ericaceous 
species (Cullina, 2002). Due to variations in germination times and growth requirements, 
seed germination began at different times for each species (Table 3.1). In January 2019, 
seedlings were transplanted into small pots and put in a greenhouse located on the Saint 
Mary’s campus, Halifax. Grass species, D. flexuosa and D. spicata, were transplanted 
using Pro-Mix BX Mycorrhyzae general purpose growth medium and Ericaceous species 
V. angustifolium, C. canadensis, and S. tridentata were transplanted using the original 
growth medium. Ericaceous species are known to have a distinct community of ericoid 
mycorrhizae and thus to avoid any potential interference with other mycorrhizae, they 





and includes arbuscular mycorrhizal fungus inoculum (not ericoid mycorrhizae). Due to 
the increased volume of water needed to saturate the plants in the greenhouse, standard 
water from a hose was used. C. canadensis germination rates were low and most did not 
survive the transplanting process and so was not a part of the transplanting treatments, 
but was still be present to a lesser degree in the seeding treatments. 
 Table 3.1. Dates seeds were sown  
Species Date sown 
Vaccinium angustifolium October 8th and 22nd, 2018 
Cornus canadensis November 5th, 2018 
Sibbaldiopsis tridentata November 5th, 2018 
Danthonia spicata November 19th, 2018 
Deschampsia flexuosa November 19th, 2018 
 
3.2.2 Restoration treatments  
In Summer 2019, restoration treatments were implemented on the portion of the 
Skyline trail as outlined in Chapter 2 (Figure 3.1). This involved four different strategies: 
soil addition, seeding, transplanting, and the use of biodegradable erosion control mats. 






Figure 3.1 Drone-captured image of the Skyline headland and restoration project. Photo 
taken by Samantha Howard, in July 2019.  
 
Experimental design: 
The four strategies were combined to create five different potential restoration 
treatments: 1) control (no treatment), 2) transplant only, 3) topsoil addition with erosion 
control matting, 4) topsoil addition with erosion control matting and seed, and 5) topsoil 
addition with erosion control matting and transplant. Each treatment was repeated 5 times 
and spanned 5 m segments, or sites, of trail (length). Due to variations in trail width, each 
site had a variable area and so treatments were applied based on consistent planting and 
seeding densities. On average, each site was approximately 6 m2, and approximately 150 





relatively uniform section of trail, and semi-randomly ordered. To allow for spatial 
variability, every group of 5 sites had one of every type of treatment, but were randomly 
ordered within each grouping (random block design with each group of 5 sites 
representing a block). In this manner, each type of treatment was present over most of the 
experimental area to account for variance with respect to physical location on the trail.    
A seeding-only treatment was not chosen for this study as a previous study by 
Ebersole et. al. (2004) showed that seeding with no matting is only marginally better than 
having no treatment. A topsoil-only treatment (with no erosion control matting) was not 
implemented in the experimental design, however, two approximately 10 m sections were 
covered in topsoil and simply observed throughout the duration of study with very little 
success. By the end of the growing season, the exposed added topsoil had been nearly 
completely eroded. 
Treatment specifications: 
Soil addition was required for three sets of treatments and thus covered 15 sites. 
Enough topsoil was added to completely fill in the depth of the trail to match the soil 
level of adjacent vegetation. Therefore, topsoil volume was variable between sites. When 
able, some of the pre-existing soil was raked and partially mixed in with the new topsoil 
in an attempt to create a soil gradient rather than an abrupt dichotomy between soil types. 
The topsoil chosen for this study was a bagged Scotts® Pro Blend Top Soil. This is a pre-
blended topsoil comprised of topsoil, compost, and manure, and has a fertilizer rating of 





for ease of transport as the soil needed to be manually carried part-way to reach the 
closed trail section where the restoration project took place. 
The erosion control material used was TerraFix Coir Mat 400. This 100% 
biodegradable coir mat has a typical lifespan of 36-72 months before biodegrading. 
Erosion control mats anchor the soil in place and provide buffering from the wind and 
other elements for seedlings. The mats were installed following topsoil application and 
seeding where is the case, and prior to transplanting. Mats were anchored using metal pin 
staples, hammered in at roughly 60 cm intervals.  
Seeds are only required for one set of treatments and thus covered 5 sites in total. 
Seed mixtures were created by separating what seed was collected in August of 2018 and 
remained after germination. All sites have different areas and thus to maintain 
consistency, seed were distributed to achieve consistent density.  Seed from each species 
were thus divided into groups that equate to an even density across sites. The density was 
11.15 g of seed/m2 or roughly 10 200 seeds/m2. Density by species was approximately: 
100 seeds/m2 C. canadensis, 280 seeds/m2 V. angustifolium, 1400 seeds/m2 S. tridentata, 
3400 seeds/m2 D. spicata, and 5000 seeds/m2 D. flexuosa. Seeds were distributed as 
evenly as possible over the first 5 cm layer of topsoil for every site before the erosion mat 
was immediately installed.  
Transplanting was required for two sets of treatments and thus covered 10 sites. 
Similar to the seeding treatment, plants were distributed evenly across sites based on 
density. Table 3.2 shows the amount of plants, per species, that were used in the study. 





area the treatments needed to cover, space availability in the greenhouse, and the number 
of individuals per species that germinated and were able to survive until the treatments 
could be set up. 
Table 3.2. Number of individual plants, per species, that were transplanted on Skyline.  
Species Number of individuals 
Vaccinium angustifolium 333 
Danthonia spicata 379 
Deschampsia flexuosa 231 
Sibbaldiopsis tridentata 237 
 
3.2.3 Monitoring protocol 
Once all treatments were established, sites were monitored every three weeks 
until mid-September 2019. For every treatment site there were two fixed 0.5 m x 0.5m 
quadrats, placed at 1 m and 3 m from the beginning of each site (Figure 3.2). Plant 
abundance data were collected using both the frequency method and percent cover 
method. For the frequency method, the quadrat was divided into 25 0.1 m x 0.1 m sub-
quadrats. Species and seedlings were identified by presence or absence in each sub-
quadrat. Frequency is a common method to monitor vegetation and is repeatable across 
different observers, making it a good choice for a long-term project. The frequency 
method was implemented every 3 weeks following the set-up of all treatments, for a total 






Figure 3.2. Trail diagram depicting site, plot, and subplot. Only three of the five 
treatments types are represented. Frequency cover was calculated as presence or absence 
in each subplot. 
 
To add, percent cover evaluation was also implemented as outlined in section 
2.2.2 during the first and last monitoring events (Week 1 & Week 13) in order to be 
comparable to data collected from the previous year. For every site, each of the two 0.5 m 
x 0.5 m plots on the treated area was paired with reference plots 3 m away from the edge 
of the trail, for a total of 50 plots. Plant abundance estimates in all plots were recorded 
using both the frequency method and the percent cover method to allow for comparison 
between both types of data sets. Monitoring using both methods can be used to determine 
their relatedness and help guide method choice for an extended long-term monitoring 
plan.  
For every treatment where transplanting occurred, a species health was calculated 
by measuring a health index for every individual, for each of the four transplanted species 
(V. angustifolium, S. tridentata, D. spicata, and D. flexuosa). The health index was 





0 indicates 0% of plant matter is alive, 1 indicates that 1%-25% of plant matter is alive, 2 
indicates that 26%-50% of plant matter is alive, 3 indicates that 51%-75% of plant matter 
is alive, and 4 indicates that 76%-100% of plant matter is alive (Anastasiou & Brooks, 
2006). In this case, an index of 0 described dead or missing individuals as it related to the 
initial amount planted. By repeating these measures over the course of the growing 
season, it was possible to identify trends in growth rates as well as death rates of the 
vegetation and determine the performance of each species.  
3.2.4 Statistical analysis 
Equivalent to Chapter 2, data were summarized and analyzed using R 3.6.1. Data 
analysis and model selection were based on the analysis of general linear models using a 
Bayesian approach based on the rstan and loo packages. Bayesian computation involves a 
process whereby initial prior beliefs about a model system are updated by data to produce 
an outcome of posterior probabilities that describe the relationship of factors specified 
within the model system (Kruschke, 2015; McElreath, 2015). Model diagnostics were 
performed and included: running multiple chains to check for convergence (Rhat = 1), 
ensuring an effective sample size, Neff > 5000, plotting posterior distributions against 
priors to ensure the priors are appropriately overwhelmed, and generating a new dataset 
from the model and comparing it against the original to ensure the data are being 
appropriately modeled. 
Plot Frequency 
Frequency counts at the plot level were observed at every 0.1 m x 0.1 m subplot, 





the trail onto adjacent, undamaged vegetation. For the sake of this analysis, the two 
outermost columns of observations were removed from the dataset, resulting in a total 
count of 15 observations (Figure 3.3). This was done to get a more accurate 
representation of treatment success.  
 
Figure 3.3. Left: Diagram of a single plot divided into 25 10 cm x 10 cm subplots. 
Subplots with a black “X” are those that were removed from analysis as many quadrats 
were not always fully on the trail. Right: Example photo of plot 14-A showing edge 
overlap, taken on Sept 13th, 2019.  
 
To compare frequency cover across treatments over the course of the growing 
season, a count value (up to 15) was used as the predicted variable and treatment as well 
as time effects were used as predictor variables. Specifically, the five treatment categories 
were examined: passive control, topsoil addition with erosion control, direct 
transplanting, transplanting with topsoil and erosion control, and seeding with topsoil and 
erosion control. Data were collected on five separate occasions across a spatially varying 
environment.  
A Bayesian model was designed with an count predicted variable where values 





Poisson distribution, where the probability of plant cover in each treatment, over time, is 
based on the probability, p, which is estimated from the data As p can only be positive, 
the predictor variables must be linked to the predicted variable in a modified way. With a 
Poisson distribution, the appropriate link between the predictor and predicted variables is 
the log link, which ensures that the combined effects of the predictor variables are 
positive. This can be implemented in Stan using the poisson_log likelihood function. 
Specifically, the likelihood equation used was: 
𝑝 = 𝛽0 +  ∑ 𝛽1[𝑗]𝑥1[𝑗]
𝑗
+  ∑ 𝛽2[𝑘]𝑥2[𝑘]
𝑘
+  ∑ 𝛽1×2[𝑗,𝑘]𝑥1×2[𝑗,𝑘]
𝑗,𝑘
 
y ~ Poisson_log(p) 
Where: 
𝛽0 is the base effect, or intercept. 𝛽1 is the ordered effect of being at a particular 
round of data collection, j, (eg. Week 1, Week 7, etc.) and 𝛽2 is the effect of being in a 
particular treatment, k, (topsoil addition, topsoil and seed addition, etc.). A two-way 
interaction term, 𝛽1×2, was included in this model to understand the combined effects 







All predictor variables had hierarchical structure. Thus, the prior means were 
sampled from a hyperprior with a mean centered at zero and a standard deviation of 1, 
and the prior standard deviations were sampled from a hyperprior with a mean centered at 
1 with a standard deviation of 1 (to maintain positive variance) (Figure 3.4). Thus, they 
were assumed to have no effect, but with little weight on this assumption and have 
information sharing across categories within each variable.  
 
Figure 3.4. Diagram representation of Bayesian hierarchical model used to compare plot 





Transplant health index 
To compare health indices across transplanted species in two treatments over the 
course of the growing season, a 0 to 4 health index was used as the predicted variable and 
species, treatment and time effects were used as predictor variables. Specifically, four 
species were compared, D. spicata, D. flexuosa, S. tridentata, and V. angustifolium, 
across two treatments, direct transplanting and transplanting into added topsoil with 
erosion control. Data were collected on 5 separate occasions across a spatially varying 
environment. Maximum likelihood model selection processes using AIC and also WAIC 
determined that the location effect of site, but not block (as per the random block design 
of the study), was an important factor and thus was included in the model.  
A Bayesian model was designed with an ordinal predicted variable as a plot 
health index scale from 0 to 4, where 0 < 1 < 2 < 3 < 4. With an ordinal predicted 
variable, the appropriated likelihood is an Ordered distribution, where the probability of 
each index value below the maximum value is based on the probability, p, which is 
estimated from the data. With an Ordered distribution, the appropriate link between the 
predictor and predicted variables is the logistic link, which ensures that the effects of the 
predictors variables are on a cumulative odds scale. This can be implemented in Stan 






𝑝 = 𝛽0 +  ∑ 𝛽1[𝑗]𝑥1[𝑗]
𝑗








+  ∑ 𝛽1×3[𝑗,𝑚]𝑥1𝑥3[𝑗,𝑚]
𝑗,𝑚
+  ∑ 𝛽2×3[𝑘,𝑚]𝑥2×3[𝑘,𝑚]
𝑘,𝑚
+  ∑ 𝛽1×2×3[𝑗,𝑘,𝑚]𝑥1×2×3[𝑗,𝑘,𝑚]
𝑗,𝑘,𝑚
 
y ~ ordered_logistic(p, c) 
Where: 
𝛽1 is the ordered effect of being at a particular round of data collection, j, (eg. 
Week 1, Week 7, etc.), 𝛽2 is the effect of being in a particular treatment, k, (transplanting 
in topsoil vs direct transplanting, etc.), 𝛽3 is the effect of being a particular transplanted 
species, m, (D. spicata, V. angustifolium, etc.), and 𝛽4 is the effect of being at a particular 
site, n.  
A three-way interaction term, 𝛽1×2×3 was included in this model to understand the 
combined effects between the round of data collection (ie. passage of time), the particular 
treatment used, and each species transplanted. As a result, all lower-order two-way 
interaction terms were included. All four of the predictor variables had hierarchical 
structure to allow for information sharing across the categories within each variable.  
The prior probabilities for 𝛽1 through 𝛽4 were all normal distributions with means 
of 0 with a standard deviation of 1. Thus, they were assumed to have no effect, but with 
little weight on this assumption. All predictor variables were standardized to a mean of 0 






Figure 3.5. Diagram representation of Bayesian hierarchical model used to compare 
transplant health indices with treatment type, round of data collection, species, and site 
location. For the sake of simplicity, priors for interaction terms are not shown but all 







3.3.1 Plot frequency 
Treatments were monitored over the Summer 2019, every three weeks, from mid-
June to mid-September. The main species identified were D. spicata, D. flexuosa, V. 
angustifolium, S. tridentata, A. uva-ursi, and S. bicolore (Figure 3.6). These species were 
found across all treatments, some of which were either already present on the site, were 
intentional transplanted treatments, or germinated from the seeded treatments. 
 
Figure 3.6. Total frequency count of the top 5 most abundant species across the five 
replicates of each treatment, for every week of data collection. Data used here included 
all 25 subplots for each of 2 plots at every site and there are 5 replicates per site, for a 
total of 250 recordings for any given species in any given treatment for any given week 








Figure 3.7. Summary of frequency cover counts, separated by the five treatments: control, 
seeded-with-topsoil, topsoil-only, transplanted-only, and transplanted-with-topsoil, for 
each week of data collection. There are 15 subplots for each of 2 plots at every site and 
there are 5 replicates per site, for a total of 150 recordings for any given treatment at any 
given week of data collection. These were the data included in the statistical model. 
 
Overall, cover improved over the course of the study in all five treatments (Figure 
3.8 & Figure 3.9). The control improved by 32% from 3.56 to 4.59. The topsoil-only 
treatment had an approximately threefold (3.04) increase for 1.53 to 4.66. The 
transplanted-only treatment improved by 29% from 6.93 to 8.95. The transplanted-with-
topsoil treatment improved 86% from 4.36 to 8.14. Lastly, the seeded-with-topsoil 







Figure 3.8. Initial (Week 1) and final (Week 13) frequency estimates for each treatment. 
Posterior distributions have been exponentiated to return to the normal scale. Displayed 
values represent the median frequency estimate. Shaded regions represent 95% highest 
density intervals. 
 
Figure 3.9. Difference from first to last week of data collection, for each treatment. 
Posterior distributions were then exponentiated to represent ratios. Displayed values 
represent the median frequency estimate. Shaded regions represent 95% highest density 






Treatments were compared to the control treatment and examined at the 
beginning and end of the study (Figure 3.10). The directly transplanted treatment 
consistently had about twice as much cover than the control treatment. The transplanted-
with-topsoil treatment initially had similar cover to the control but, had about 81% more 
cover by the end of the study. The seeded-with-topsoil treatment and topsoil-only 
treatment initially had lower cover than the control, 75% less and 54% less, respectively. 
but by the end of the study the seeded treatment cover was more than twice that of the 
control treatment (2.64), whereas the topsoil-only treatment was no different than the 
control treatment (1.04). Thus, both seeded and topsoil-only treatments improved over 
the course of the study, more so than the control treatment as the transplanted-with-
topsoil treatment had a tendency to have 29% more cover than the control treatment, in 
the first week (Figure 3.10). 
 
Figure 3.10 Change in cover as compared to the control treatments (passive baseline) for 
each active treatment. Left: initial difference during the first week of data collection. 
Right: final difference during the last week of data collection. Posterior distributions were 
then exponentiated to represent ratios. Displayed values represent the median frequency 
estimate. Shaded regions represent 95% highest density intervals. The dashed vertical 





In the first week of the study, the directly transplanted and transplanted-with-
topsoil treatments had the highest cover, followed by the control, and then by the topsoil-
only and seeded-with-topsoil treatments (Figure 3.8). In the final week of the study, the 
seeded-with-topsoil treatment had the highest cover, followed by both treatments where 
transplanting took place, and then by the topsoil-only and control treatments (Figure 3.8). 
The seeded-with-topsoil improved the most, where the main germinations observed from 
the seeded-with-topsoil treatment were D. spicata and D. flexuosa. The directly 
transplanted treatment did not improve any more than the control, whereas both 
transplanted-with-topsoil and topsoil-only treatment did improve at a rate higher than the 
control.  
 
Figure 3.11. Difference in cover comparing all treatments were topsoil was added against 
all those who did not. for each active treatment. Posterior distributions were then 
exponentiated to represent ratios. Displayed values represent the median frequency 
estimate. Shaded regions represent 95% highest density intervals. The dashed vertical 






Treatments where transplanting occurred had an immediate tendency to have 
higher cover when compared to the control (Figure 3.10). Treatments requiring the use of 
topsoil initially experienced a reduction in cover but improved to be equivalent or higher 
than that of the control, indicating that treatments where topsoil was added improved 
more so than that of the control treatment. There was a tendency for treatments where 
topsoil was added to increase cover by 20% at the end of the study, compared to 
treatments that did not require the addition of topsoil (Figure 3.11). The initial reduction 
in cover due to added topsoil was less than that increase in cover where transplants were 
added. 
3.3.2 Transplant health index 
Firstly, by the end of the study across all transplanted treatments, 156 out of 237 
S. tridentata individuals survived (65.8%), 194 out of 231 D. flexuosa individuals 
survived (83.9%), 162 out of 333 V. angustifolium individuals survived (48.6%), and 235 
out of 379 D. spicata individuals survived (62.0%). Note that, in some instances, there 
was a decreasing proportion of indices of 0 or dead individuals. This is the result of 
observer bias, where not all individuals were counted every round of data collection and 
0s were added post-data collection. Therefore, there were fluctuations in the proportions 
of 0s.  
When averaged across all species and rounds of data collection, there was a strong 
tendency for index values to be higher when species were transplanted into added topsoil 
compared to when they were just directly transplanted into pre-existing soil (Figure 3.13). 





rounds of data collection there is a tendency for health index values to be higher when 
plants were transplanted into added topsoil, with S. tridentata being the only species 
whose 95% highest density interval fell completely above the zero value mark (Figure 
3.14).  
 
Figure 3.12. Summary count of transplant health index values, separated by the four 
species used: D. spicata, D. flexuosa, S. tridentata, and V. angustifolium, for both 
treatment types: directly transplanted versus transplanted-with-topsoil, separated across 







Figure 3.13. On the right: the difference in index values between topsoil and direct 
transplants, averaged across all species and all rounds. Positive values indicate higher 
index values in the topsoil treatment, negative values indicate higher index values in the 
direct treatment, and zero values indicate no difference between treatment types. On the 
left: the difference in index values between the first and last weeks of data collection. 
Positive values indicate higher index values in the final week, negative values indicate 
higher index values in the initial week, and zero values indicate no difference between 
first and final weeks. Shaded regions represent 95% highest density intervals. 
 
Figure 3.14. The difference between transplants in topsoil and direct transplants for each 
species, averaged across all rounds of data collection. Positive values indicate higher 
index values in topsoil transplants, negative values indicate higher index values in direct 
transplants, and a zero value indicates no difference between the two treatment types. 






Secondly, when averaged across all species and treatments, health index values 
improved over the course of the study (Figure 3.13). When comparing the performance of 
each species in both direct and topsoil treatments from Week 1 to Week 13, both D. 
spicata and S. tridentata improved in both treatments, V. angustifolium worsened in both 
treatments, and D. flexuosa improved in the direct treatment, but saw no change when 
transplanted-with-topsoil (Figure 3.15).  
 
Figure 3.15. Change in transplant health index from the first week of data collection to 
the last week of data collection (after 14 weeks). Transplants in topsoil are on the left and 
direct transplants are on the right. Species are divided by rows. Negative values represent 
a decrease in index, positive values represent an increase in index, and a zero value 
represents no change between first and last rounds of data collection. Shaded regions 
represent 95% highest density intervals. 
 
Initially, all species had higher quality and survival in the topsoil treatments 
(Figure 3.16). By the end of the study, D. flexuosa was the only species who performed 
worse in the topsoil treatment. D. flexuosa improved only when directly transplanted and 
did not change when transplanted in added topsoil. Therefore, D. flexuosa individuals 





individuals and by the end of the study, directly transplanted individuals were able to 
improve to a point where they were similar in health index to those transplanted-with-
topsoil, and potentially more so. Both D. spicata and  V. angustifolium had consistently 
higher health index values in the topsoil treatment throughout the study, but did not 
improve any more than the directly transplanted treament. Finally, not only was S. 
tridentata higher in index values at the beginning and end of study in the topsoil 
treatment, but they also improved more so than when they were transplanted directly. 
 
Figure 3.16. Change in transplant health index for each species, comparing the 
transplanted-with-topsoil treatment against the directly transplanted treatment. Left: 
initial difference during the first week of data collection. Centre: final difference during 
the last week of data collection. Right: change in index from first to last week. Positive 
values indicate higher index values in the topsoil treatment, negative values indicate 
higher index values in the direct treatment, and zero values indicate no difference 
between treatment types. Shaded regions represent 95% highest density intervals. 
 
In general, V. angustifolium had the lowest scores of all species used. To futher 
investigate, the health index values across each round data collection, for both treatments 
of V. angustifolium were compared (Figure 3.17). The quality of individuals decreased 





treatmeants, but improved between Week 10 and Week 13 for the topsoil and only had a 
slight tendency to improve when directly transplanted.  
 
 
Figure 3.17. Change in index from V. angustifolium between each round of data 
collection in topsoil (upper panels) and direct (lower panels) treatments.  Positive values 
indicate higher index values in the later round, negative values indicate higher index 
values in the earlier round, and zero values indicate no difference between compared 
rounds. Shaded regions represent 95% highest density intervals. 
 
3.3.3 Method Comparison 
 Comparison of both methods of quantifying vegetation cover was recorded as a 
graphical analysis of both frequency cover (x axis) against percent cover (y axis) (Figure 
3.18). Data points used were only for reference vegetation and did not include any data 
collected on the trail. Species chosen were those that were common across the site such 
that a high number of data points had been collected and those that represented different 





uva-ursi, Juniperus communis, Deschampsia flexuosa, Danthonia spicata, Sibbaldiopsis 
tridentata, Vaccinium vitis-idaea, Conrus canadensis, Solidago bicolor, Picae glauca, 
Viburnum nudum, and Diervilla lonicera. In general, both frequency and percent cover 
methods were related to a high degree. Smaller growth forms such as V. vitis-idaea, D. 
flexuosa, D. spicata, and S. tridentata were strongly linearly related. Shrubbier species 
such as V. angustifolium, A. uva-ursi, and J. communis were related non-linearly in such 






Figure 3.18. Linear correlations of the 12 most abundant species at Skyline comparing 
both data collection methods used: the percent cover technique and frequency count 
technique. Second order polynomials were used when the fit (R2) was increased by more 








Firstly, the frequency cover of all treatments did improve over the course of the 
growing season (Figure 3.9). Therefore, transplanted species were able to survive and 
establish themselves, seeded species were able to germinate and grow, and topsoil-only 
treatments experienced encroachment. As the study began in May, before the leaf-out of 
many species (personal observation), there is the potential that this may have contributed 
to the improved cover of the control treatment, where the growth of pre-existing plants 
would have increased the overall cover in the quadrat. 
As plants were found to be growing in the control (i.e. frequency was not 0), the 
key metric to test success is the relative difference in index values between the active 
treatments and the control (Figure 3.10). Every treatment improved compared to the 
improvement in the control treatment, except for the directly transplanted treatment and 
so all active treatments involving the use of topsoil did improve the growth of vegetation 
after only one growing season. The addition of topsoil with the erosion control mat, while 
initially reducing cover, did improve the final quality and cover of vegetation. It is 
important to note that every time topsoil is mentioned, it also includes the use of an 
erosion control mat. Both transplant treatments initially immediately increased health 
index values, likely through increased cover from the added plants. At the end of the 






Secondly, D. flexuosa, D. spicata, and S. tridentata were able to survive at high 
rates in both topsoil treatments and direct treatments while V. angustifolium performed 
poorly in both with significantly lower survival rates. All species were initially better 
with topsoil addition. V. angustifolium performed better in topsoil conditions despite its 
low success. S. tridentata was performed better in topsoil conditions and improved in 
topsoil more so than when directly transplanted. D. spicata performed better in topsoil 
conditions and improved consistently in both treatments. D. flexuosa performed well in 
topsoil treatments but was able to improve and did somewhat better when directly 
transplanted. General small fluctuations in the number of observed species between 
weeks of data collection is likely due to human observation error where some individuals 
may have been missed. Nonetheless, the addition of topsoil did improve the quality and 
survival of all four transplanted species. 
Topsoil addition initially reduces cover 
Adding topsoil reintroduces vital nutrients, including N, P, and K, that are 
essential for plant growth. There is potential that after many years, the surrounding 
vegetation will be able to recolonize with the help of the added nutrients found in the 
added topsoil. In the breakdown (Figure 3.10), it can be seen that, while initially the 
cover of vegetation was worse in topsoil treatments, by the end of the study treatments 
using topsoil outperformed those that did not use it (Figure 3.11).   
It is likely that the addition of topsoil buried individuals and resulted in a 
reduction in overall cover. A study by Rivera et. al. (2014) found similar results where 





control, was on par the second year, and had increased cover in the third year. The trend 
of initial reduced cover was not seen when the transplanted-with-topsoil treatment is 
compared to the control since the addition of transplants more than offset the loss of 
plants via burial. The trend is observed, however, where the transplanted-with-topsoil 
treatment had a cover of approximately 4.36 is compared to the directly transplanted 
treatment with a cover of approximately 6.93 (Figure 3.8), where both transplanted 
treatments were planted with the same density of plants. 
By the end of the study, the topsoil-only treatment was not any different than that 
of the control treatment, but since it was initially worse than the control, there was an 
improvement overall and more so than that the improvement of the control. This is 
evidence that nearby vegetation was better able to expand into the topsoil than the pre-
existing degraded soil. There was no evidence of colonization of the topsoil-only 
treatment by seed rain (personal observation) and thus the increase in cover is likely due 
to encroachment of nearby pre-existing vegetation. In this sense, the topsoil-only 
treatment uses a form of technical, active restoration to provide an opportunity for 
spontaneous succession to occur (Prach & Hobbs, 2008).  
It is also possible that the improvement and similarity between topsoil-only and 
control conditions at the end of the study may be simply due to the exposure of buried 
individuals, either by erosion of some of the added topsoil, or growth of those buried 
individuals in order to resurface. While this suggests that encroachment from nearby 
vegetation may not have occurred after one growing season, the addition of topsoil did 





topsoil will provide a source of nutrients, and further years of monitoring the experiment 
will reveal whether revegetation by means of encroaching vegetation becomes a 
successful restoration strategy in barrens habitat. 
Both seeded-with-topsoil and topsoil-only treatments initially had lower cover 
than the control treatment. Initially, there would have been no germination in the seeded 
treatment and so both treatments would have resembled each other. Therefore, before the 
application of any treatment, there were some pre-existing vegetation on the trail, albeit 
less than that of the reference vegetation (See Chapter 2, model 1).  
Topsoil addition improves treatment cover and quality 
The addition of topsoil can be a costly and labour intensive process and it is 
important to know whether its use provides benefit to the restoration site. By the end of 
the study, it is clear that the treatments that included the addition of topsoil had improved 
cover by roughly 20% and improved survival of vegetation when compared to treatments 
that did not use it ((Figure 3.11 & Figure 3.16). Topsoil can directly improve abiotic soil 
conditions through the addition of nutrients, which are depleted on the Skyline trail (see 
Chapter 2, model 2) and can increase microbial activity (Rivera et. al., 2014) as well as 
create a loosely packed layer for easier root penetration of nearby vegetation and/or 
germinated seedlings (Bassett et. al., 2005; Tracy et. al. 2011).  
When comparing transplanted treatments, there was a reduction in cover during 
the first week of the study when topsoil was used, but, interestingly, there was little 





cover of 8.14 when transplanted-with-topsoil and 8.95 when directly transplanted (Figure 
3.8). However initially, the cover was lower for transplanted-with-topsoil treatments 
(4.36 compared to 6.93 for directly transplanted), demonstrating that the greater 
improvement in cover for the transplanted-with-topsoil treatment (86% increase 
compared to 29% increase for directly transplanted, Figure 3.9) was driven by the topsoil 
addition, rather than the transplant addition. This is further supported by the evidence that 
the directly transplanted treatment improved at the same rate as the control, at 29% and 
32%, respectively. Therefore, both transplanted treatments increased in cover with the 
use of transplants, and the transplanted-with-topsoil treatment likely experienced reduced 
initial cover through burial of pre-existing plants in the area. Then at the end of the study, 
the transplanted-with-topsoil treatment did improve more significantly than the 
improvement of the directly transplanted treatment due to the added topsoil. Given an 
extended study spanning multiple years, it is possible that the transplanted-with-topsoil 
treatment would continue to improve the site at a rate higher than that of a directly 
transplanted treatment and perhaps outperform the rate of improvement of the topsoil-
only treatment as well.  
In terms of the risk of promoting non-target vegetation, only one non-identifiable 
clover was found and presumed to have germinated from within the added topsoil. 
However, this species was scarce and only observed on a handful of occasions. While the 
introduction of foreign topsoil has the potential to recruit non-target or invasive species 
(Bulot et. al., 2016), this study at the Skyline trail is a very exposed headland where there 





invasive plant material is likely to be found on the trail users themselves where seeds and 
twigs can get trapped in the soles of boots or on clothing (Dickens et. al., 2005). Thus, so 
long as trail users remain off the closed section, the risk for introducing non-target 
species is low.  
In general, topsoil addition improves species survival and quality 
D. spicata had consistently higher quality and survival in the topsoil treatment 
compared to the direct treatment over the course of the study, and while both treatments 
improved (Figure 3.15), neither treatment improved more so than the other (Figure 3.16). 
Therefore, D. spicata was able to persist and improve in both treatments but performed 
better in the topsoil treatment. It should be noted that the health index values did not 
account for growth in terms of size, which did appear to be larger in topsoil treatments 
than in direct treatments (personal observation). It is also important to note that the 
increase in survival count of D. spicata increased significantly at week 10 (Figure 3.12). 
During the study, all indices were recorded by the same observer, except during week 10 
for D. spicata and S. tridentata. Thus, there is possible observer bias at week 10, likely 
due to difficulties differentiating between D. spicata and D. flexuosa.  
While V. angustifolium performed better in the topsoil treatment when compared 
to direct transplanting (Figure 3.14), its quality and survival worsened over time in both 
treatments (Figure 3.15), and was the only species to do so. The improved quality and 
survival of V. angustifolium in the topsoil treatment, appears to have occurred between 
the final two rounds of data collection (Figure 3.17). This is evidence that V. 





new growth. There is potential evidence that the individuals may have also improved in 
the directly transplanted treatment, which may have become clearer had the length of the 
study extended later into September and October.  
Transplant shock is common and is defined as a reduced growth rate following 
transplanting greater than that if the plants were left undisturbed (Mullin, 1963). 
Transplant shock has been linked to moisture stress and low initial root volume (Haase & 
Rose, 1993). To add, even gentle perturbations of roots have been shown to slow root 
nitrate uptake in Hordeum vulgare for up to several hours (Bloom & Sukrapanna, 1990). 
Transplanting in the field involves significantly more agitation to plant root structure and 
is a main contributor to plant stress and reduces growth potential.  
S. tridentata had consistently higher quality and survival in the topsoil treatment 
compared to the direct treatment and additionally, those in the topsoil treatment improved 
more so than in the direct treatment Figure 3.16. Thus S. tridentata was able use the 
improved quality of topsoil to grow at a faster rate than if topsoil had not been added. To 
add, S. tridentata produces rhizomes wherein the species can expand clonally from 
explorative root networks. This will likely contribute to better cover in future years when 
compared to the clumping, cespitose growth forms of D. spicata and D. flexuosa. 
D. flexuosa did improve in the direct treatment but did not improve in the topsoil 
treatment. However, D. flexuosa was initially higher in quality and survival in the topsoil 
treatment (Figure 3.16). Therefore, while D. flexuosa was able to survive at similar rates 
in both treatments (Figure 3.12), its quality was consistently high in the topsoil treatment 





that of the topsoil treatment by the end of the study. D. flexuosa also had the highest 
survival rates of all four species. This species can be associated with extreme 
environmental gradients (Oberndorfer & Lundholm, 2009) and so may have more able to 
tolerate the exposed trail conditions better than the others.  
Directly transplanted species survived 
Despite the benefits of using topsoil to aid in the recovery process, it is important 
to note that the directly transplanted treatment did improve over the course of the 
growing season. Thus, the transplanted species were able to establish themselves the in 
pre-existing soil and survive the first growing season. It is possible they may continue to 
establish and grow in future years, or they may die out. Further monitoring over the next 
several years is necessary to further understand the utility of directly transplanting as a 
form of remediation.  
While the improvement of abiotic conditions via topsoil addition improves plant 
cover and quality, the improvement of biotic conditions by direct transplanting is also 
beneficial. This confirms that the seed germination and establishment phase of the plant 
life cycle is most affected by degraded trail conditions such as compaction (Bassett et. al., 
2005). Thus, both biotic and abiotic amendments can improve the recovery process at the 
Skyline trail. 
Interestingly, D. flexuosa, by the end of the study, had slightly better quality and 
survival in the directly transplanted treatment than when transplanted-with-topsoil 





to calcareous soils and thus is an acidophile. While the pH of trail conditions was higher 
than that of reference vegetation at Skyline (Chapter 2, model 2), the average pH of the 
trail was still low at 4.7. The commercial topsoil used had a pH of 6.0-6.5 and so D. 
flexuosa may have preferred the more acidic pre-existing soil, despite its lower nutrient 
content. 
Potential recovery option in seeding with topsoil addition  
The seeded treatment had the highest cover by the end of the study. Seeds of the 
seeded plots were able to germinate, and seedlings were able to establish over the course 
of the study. Most germinations were from D. spicata and D. flexuosa grasses. S. 
tridentata germinations were observed on a handful of occasions and no V. angustifolium 
or C. canadensis germinations were observed. The seed density of both grass species was 
vastly greater than of the other three species and may have contributed to their 
germination success. C. canadensis germinated poorly in greenhouse conditions and so 
the outcome in the field reflects germination difficulties, especially at low densities. It is 
possible that the seeds will remain on site and further stratification requirements, 
particularly for V. angustifolium, may promote germination during appropriate conditions 
in subsequent years.  
Therefore, improvement of abiotic conditions via topsoil addition allowed for the 
successful germination and establishment of the grass species. Again, a seeding-only 
treatment without topsoil and erosion control mat was not incorporated into the study 
design as it has been previously determined to be ineffective (Ebersole et. al., 2004). 





of a persistent seed bank on the trail (Chapter 2, model 3) and its amelioration and 
addition of seed created conditions suitable for seed germination and seedling 
establishment. The result is established plant cover that can produce its own seed and the 
potential for seed bank formation. The same can be said for both transplanted treatments. 
Percent cover and frequency cover methods are related 
Overall, when comparing frequency and percent cover methods (Figure 3.18), 
they tend to be generally linearly related for smaller species, however the relationship 
appears to become non-linear with more abundant, larger species. It is likely that, for all 
species, once the frequency caps at 25 out of 25, there is still a lot of room for variation in 
percent cover values (between roughly 50-100%). Thus, this relationship is only 
noticeable for more abundant species, like V. angustifolium and A. uva-ursi, that have 
enough plots to allow for variation in cover to occur. To add, the full range of cover 
values is not represented for most of the species considered, which may also explain the 
observed non-linearity.  
A single blade of a grass like D. spicata and D. flexuosa garners only a fraction of 
space where the percent cover is observed but can count as present for 1 in a subplot 
where frequency cover is observed. Alternatively, a mat of A. uva-ursi can count as the 
entire 4 % of a subplot with percent cover (100 % ÷ 25 subplots = 4 % per subplot) but is 
still only present for 1 with frequency cover. Therefore, the relationship between methods 
for less abundant species becomes quite strongly linear and there is greater deviance 





This relationship was considered as the experiment is intended to continue to be 
monitored in subsequent years, likely by multiple different observers over time. There 
having been issues regarding observer bias when the percent cover method is used 
(Bergstedt et. al., 2008). There are differences from observer to observer which could 
influence the interpretation of future collected data. In this sense, the frequency cover 
method remains a viable option for future monitoring for this experiment as repeatability 
across observers is more precise than using percent cover, both methods are relatively 
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 Conclusions and moving forward 
Overall, a variety of biotic and abiotic factors contribute to the low natural 
recovery potential at the closed sections of trail at both Skyline and Mica Hill locations. 
Stresses at both locations have led to elevated substrate compaction, surface 
temperatures, moisture content, and pH as well as lowered nutrient content. At Mica Hill, 
this has led to a shift in the vegetation community whereby the dominant vegetation on 
the trail does not match the rest of the ecosystem. At Skyline, trampling intensity has led 
to the disappearance of almost all vegetation on the trail and subsequently removed any 
form of seed bank.  
The implementation of restoration treatments on the Skyline trail demonstrates 
that restoration of abiotic environmental components can improve vegetation cover and 
quality, in the year treatments were installed. Improvement of abiotic conditions were in 
the form of soil amendments via commercial topsoil addition and biodegradable erosion 
control matting. Thus, nutrients were reintroduced into the system, water-holding 
capacity was increased, compaction was reduced, and the erosion control mat allowed for 
some buffer protection against high winds and heavy rains. The addition of topsoil and an 
erosion control mat was able to improve plant cover and quality when compared to a 
passive control treatment. Soil ecology plays an integral role in restoration ecology and 
provides many feedbacks between aboveground and belowground processes (Heneghan 
et. al., 2008). Abiotic restoration methods, particularly related to soil ecology, can be an 





The restoration treatments also demonstrate that the restoration of biotic 
environmental components can improve vegetation cover and quality. Improvement of 
biotic conditions were in the form of native, genetically similar transplants and seed. 
Vegetation cover was immediately increased, and a version of seed bank was restored. 
When transplants were directly added to the trail without any topsoil amendments, many 
were able to survive and improved when compared to a passive control treatment. 
Therefore, the reason natural recovery fails on the trail at Skyline is not because mature 
plants cannot survive the harsh trail conditions, but rather natural recovery fails because 
seeds are not staying on the trail and harsh trail conditions do not allow for successful 
seed germination and seedling establishment. Biotic restoration methods that bypass the 
germination phase can be an effective restoration tool in a headland barrens environment.  
While abiotic and biotic restoration can aid in restoration separately, they are 
more effective when used simultaneously. The addition of transplants or seeds into 
topsoil with an erosion control mat both had greatly improved vegetation cover and 
quality in the first year. There is potential for improved growth in these treatments over 
the next several years. The use of seeding in combination with topsoil amendments may 
be a very successful treatment in subsequent years as it improves soil quality and 
reintroduces vegetation cover without the growing requirements for ex situ transplants. 
Thus, improvement of abiotic conditions via topsoil amendments can allow for successful 
seed germination and seedling establishment on the trails at Skyline.  
With sufficient knowledge of an ecosystem and restoration methodology, 





insight gained from collected data and analyses from Chapter 2, directly contribute to the 
successful implementation of treatments at Skyline as analysed in Chapter 3. The 
increased compaction and lowered nutrient content were addressed through topsoil 
addition with biodegradable erosion controls. The added topsoil was uncompacted and 
high in nutrients. The erosion control mats stabilized the added topsoil which lacked a 
stabilizing root network. The absence of a seed bank and reduced vascular plant cover at 
Skyline was addressed through seed and transplant addition. The stabilized topsoil 
allowed for improved growth of seedlings and transplants which, in turn, will be able to 
create that root network which will theoretically continue stabilize and utilize the topsoil 
as the erosion control mats begin to decompose. This particular study was able to take 
knowledge gained from the ecosystem in addition to theoretical knowledge and examples 
from past studies in similar environments and apply it towards a restoration project in a 
logical and practical manner.  
However, there is often a gap between science and applied restoration where there 
can be conflicting interests between restoration practitioners and scientific research 
(Clark et. al., 2019; Miller et. al., 2017). This gap is the result of the, often, lengthy 
amount of time needed to  properly develop and test theories while many restoration 
projects require immediate action and, subsequently, there is insufficient empirical data 
to make informed restoration and conservation decisions (Cadotte et. al., 2017). As an 
example, most restoration outcomes are described within a time span of less than 5 years 






In an era where the effects of climate change are becoming unmistakable, there 
are increasing calls to protect, remediate, and restore the environment (Prober et. al., 
2019). Particularly, environments unique in niche, time, and space are more vulnerable to 
the changing climate and thus require distinct management strategies (Kling et. al., 2020). 
While this study does not directly address climate change, its research implications may 
provide support to future restoration and rehabilitation projects in an uncommon habitat, 
undertaken as a result of climate change. To add, as this study will persist for the next 
decade or more, research outcomes may be affected.   
This study provides supporting evidence for factors contributing to trail 
degradation, with specific details for barrens habitat. It also provides the basis of a long-
term restoration study aimed at identifying potential restoration strategies in the barrens 
of Nova Scotia. Long-term monitoring is crucial to measuring the success of the 
implemented treatments (Prach et. al., 2019). Empirical evidence gathered from this 
study as it moves forward can inform future restoration programs in the province and, in 
the face of climate change, can potentially provide guidance on restoration practices in 






4.1 Literature cited 
Cadotte, M. W., Barlow, J., Nuñez, M. A., Pettorelli, N., & Stephens, P. A. (2017). 
Solving environmental problems in the Anthropocene: the need to bring novel 
theoretical advances into the applied ecology fold. Journal of Applied Ecology, 
54(1), 1–6. https://doi.org/10.1111/1365-2664.12855 
Clark, L. B., Henry, A. L., Lave, R., Sayre, N. F., González, E., & Sher, A. A. (2019). 
Successful information exchange between restoration science and practice. 
Restoration Ecology, 27(6), 1241–1250. https://doi.org/10.1111/rec.12979 
 Heneghan, L., Miller, S. P., Baer, S., Callaham, M. A., Montgomery, J., Pavao-
Zuckerman, M., … Richardson, S. (2008). Integrating Soil Ecological Knowledge 
into Restoration Management. Restoration Ecology, 16(4), 608–617. 
https://doi.org/10.1111/j.1526-100X.2008.00477.x 
Kling, M. M., Auer, S. L., Comer, P. J., Ackerly, D. D., & Hamilton, H. (2020). Multiple 
axes of ecological vulnerability to climate change. Global Change Biology, 00, 1–
16. https://doi.org/10.1111/gcb.15008 
Le Roy, M., Sawtschuk, J., Bioret, F., & Gallet, S. (2018). Toward a social-ecological 
approach to ecological restoration: A look back at three decades of maritime clifftop 
restoration. Restoration Ecology, 1–11. https://doi.org/10.1111/rec.12849 
Miller, B. P., Sinclair, E. A., Menz, M. H. M., Elliott, C. P., Bunn, E., Commander, L. E., 
… Stevens, J. C. (2017). A framework for the practical science necessary to restore 
sustainable, resilient, and biodiverse ecosystems. Restoration Ecology, 25(4), 605–
617. https://doi.org/10.1111/rec.12475 
 Murcia, C., & Aronson, J. (2014). Intelligent Tinkering in Ecological Restoration. 
Restoration Ecology, 22(3), 279–283. https://doi.org/10.1111/rec.12100 
Prach, K., Durigan, G., Fennessy, S., Overbeck, G. E., Torezan, J. M., & Murphy, S. D. 
(2019). A primer on choosing goals and indicators to evaluate ecological restoration 
success. Restoration Ecology, 27(5), 917–923. https://doi.org/10.1111/rec.13011 
Prober, S. M., Doerr, V. A. J., Broadhurst, L. M., Williams, K. J., & Dickson, F. (2019). 
Shifting the conservation paradigm: a synthesis of options for renovating nature 







Table 0.1. Total estimated costs of items used in the setup of the restoration treatments 
including, cost, preparation time, and application time. While preparation and application 
estimates are in single person hours, most of the work was conducted in groups or with a 
partner.  Preparation of TerraFix coir mats involved cutting rolls to appropriate sizes, 
transplant preparation involved germination and growth in a greenhouse, and seed 
preparation involved collection in the field, and seed cleaning/extraction. 
Item Amount Estimated 
total cost  
Estimated 
preparation time 
(for one person) 
Estimated 
application time 
(for one person) 
Scotts® Pro 
Blend Top Soil 








4 rolls 900.00 $ 4 hours 4 hours 
Transplants 1180 
individuals  
NA 7 months  32 hours 
Seeds 400 g NA 80 hours 1 hour 
 
Table 0.2. Model selection output for seed bank emergence. AIC values were calculated 
using gls linear models with the lme4 package. WAIC values were calculated using log 
likelihood values using the loo package. WAIC SE is the standard error for each WAIC 
value. 
Model Df AIC ΔAIC WAIC WAIC SE 
ID + Block 8 71.7 0.0 977.8 251.7 
ID 7 74.7 3.0 1098.6 449.4 







Table 0.3. 95% HDI posterior distribution outputs for comparisons of seed bank 
emergence study. Values are the log scale. 
Comparison  2.5% HDI Mean 97.5% HDI 
Positive Control – Negative Control 1.6076 1.8254 2.0428 
Mica Hill Ref – Mica Hill Trail -1.3064 -1.1197 -0.94214 
Skyline Ref – Skyline Trail 0.26011 0.51108 0.76722 
Mica Hill Ref – Negative Control 0.24828 0.49984 0.76229 
Mica Hill Trail – Negative Control  1.3985 1.6196 1.8426 
Skyline Ref – Negative Control 0.27993 0.53215 0.78846 
Skyline Tail – Negative Control -0.26464 0.021069 0.29969 
 
Table 0.4. Model selection output for transplant health index. AIC values were calculated 
using polr linear models with the MASS package. WAIC values were calculated using 
log likelihood values using the loo package. WAIC SE is the standard error for each 
WAIC value. 
Model AIC ΔAIC WAIC WAIC SE 
Treat + Species + Week + Treat*Species + 
Treat*Week + Species*Week + 
Treat*Species*Week + Site 
Does not 
converge  
NA 15838.3 110.0 
Treat + Species + Week + Treat*Species + 





Treat + Species + Week + Treat*Species + 
Treat*Week + Species*Week  
16013.5 9.3 16014.6 107.6 
Treat + Species + Week + Treat*Week + 
Species*Week  
16017.2 13.0 16018.5 107.8 
Treat + Species + Week + Treat*Week 16496.8 492.6 16497.0 97.7 
Treat + Species + Week 16492.2 488.0 16492.4 97.4 
Treat + Week 17356.6 1352.4 1737.2 79.0 
Week 17410.7 1406.5 17411.1 76.8 







Table 0.5. Raw data from substrate nutrient analysis for Skyline samples. 
Distance 























20 Trail  0.2 4.51 7.32 6.5 29 209 1062 321 46 8.1 10 
20 Control 0.96 4.07 6.5 31 46 378 1774 162 45 10.35 19.3 
60 Trail  0.19 4.43 7.26 4.8 41 145 180 325 7 1.58 7 
60 Control 0.37 4.12 6.92 11.3 65 160 675 335 21 4.36 11.7 
140 Trail  0.3 4.9 7.35 8.8 58 247 1856 322 80 12.85 13 
140 Control 1.23 4.15 6.91 38.4 124 410 1132 272 86 9.44 13.8 
180 Trail  0.15 4.63 7.05 5.4 9 139 240 243 10 0.77 8.9 
180 Control 0.26 4.41 7.34 7 21 232 991 306 41 6.89 10.1 
220 Trail  0.14 4.58 6.88 5.5 10 77 33 133 2 0.2 9.2 
220 Control 0.56 4.13 6.83 17.8 42 191 1164 357 42 8.37 13.9 
260 Trail  0.18 4.51 7.09 5.7 7 210 716 343 14 4.32 10.6 
260 Control 0.89 4.12 6.51 24.3 68 311 1520 332 35 11.34 18.3 
300 Trail  0.57 5.23 7.01 15.2 23 286 992 352 31 5.73 12.2 
300 Control 0.92 4.25 6.78 23.4 88 337 1332 328 70 6.85 15.7 
330 Trail  0.3 4.39 6.94 7.6 23 223 239 397 20 1.57 10 
330 Control 0.64 4.75 7.14 18.1 87 323 2205 315 174 16.77 15.2 
350 Trail  0.17 4.54 6.7 7.1 14 50 62 151 3 0.26 10.7 
350 Control 0.84 4.66 6.8 18.8 77 232 929 267 54 8.46 13.8 
410 Trail  0.94 5.07 7.16 15.8 63 319 1775 217 103 21.35 15.6 
































 20 Trail  361 68 17 1008 0.5 0.33 2.2 26.6 15.1 1.5 
 20 Control 542 104 17 293 0.5 0.33 2.1 23 11.7 1.2 
 60 Trail  91 46 32 1430 0.5 0.18 2.2 6.4 5.4 1.4 
 60 Control 254 57 20 829 0.5 0.15 1.5 14.4 9.1 1.1 
 140 Trail  659 56 9 748 0.5 0.24 2 35.8 21.2 0.9 
 140 Control 400 52 27 243 0.5 0.23 3.2 20.6 12.1 0.8 
 180 Trail  110 63 44 2054 0.5 0.11 1.6 6.7 5.1 1.5 
 180 Control 458 81 16 953 0.5 0.17 2.4 24.6 18.9 1.8 
 220 Trail  9 30 86 2717 0.5 0.27 0.9 0.9 0.4 0.7 
 220 Control 316 68 22 791 0.5 0.24 1.5 20.9 9.5 1.1 
 260 Trail  269 79 21 1434 0.5 0.25 2.1 16.9 10.6 1.6 
 260 Control 500 80 22 601 0.5 0.38 1.8 20.8 11.4 0.9 
 300 Trail  326 70 16 1040 0.5 0.66 2.5 20.3 11.1 1.2 
 300 Control 496 67 23 597 0.5 0.55 2.3 21.3 13.2 0.9 
 330 Trail  149 53 41 1559 0.5 1.24 2.4 5.9 6.2 1.2 
 330 Control 553 97 16 542 0.5 0.55 2.2 36.1 15.1 1.4 
 350 Trail  15 32 83 3143 0.5 1.02 0.4 1.4 0.6 0.7 
 350 Control 363 75 17 729 0.5 0.69 1.8 16.8 10.9 1.2 
 410 Trail  919 132 15 665 0.76 0.89 2.2 28.4 24.5 1.8 






Table 0.5. Continued 
Distance 
down trail (m) 
Type Base sat. H 
(%) 
LR CaCO3 
(t/ha to pH 6.5) 
20 Trail  54.6 10 
20 Control 62.1 24 
60 Trail  84.5 12 
60 Control 74 18 
140 Trail  40.1 9 
140 Control 63.4 18 
180 Trail  85 14 
180 Control 52.3 11 
220 Trail  97.1 17 
220 Control 67.2 19 
260 Trail  68.8 14 
260 Control 65.1 24 
300 Trail  64.9 12 
300 Control 62.3 20 
330 Trail  84.4 17 
330 Control 45.1 12 
350 Trail  96.9 20 
350 Control 69.3 18 
410 Trail  43.1 11 
































A  50 Trail  0.01 4.32 8 1 28 50.00 25 69 0.00 0.20 0.3 
A  50 Control 0.86 3.86 6.69 43.4 82 280 343 60 7 2.78 12.5 
B  40 Trail  0.03 4.26 7.83 1.8 74 50.00 29 182 1 0.22 1.6 
B  40 Control 0.5 3.72 6.81 47.8 41 313 495 22 26 1.79 12.5 
C 60 Trail  0.03 4.73 7.86 1.8 22 50.00 170 347 69 0.24 1.7 
C  60 Control 0.96 5.12 7 22 39 182 3327 268 142 1.91 18 
C  110 Trail  0.01 4.3 7.99 1.2 28 50.00 26 101 2 0.20 0.2 
C  110 Control 0.93 3.69 6.61 55.8 99 295 633 41 23 6.05 14.5 
D 30 Trail  0.49 4.25 7.54 10.2 74 78 282 322 5 1.59 5 
D 30 Control 2.33 3.85 6.51 49.1 107 106 376 174 1 1.2 13.7 
D 70 (side 
trail) 
Trail  0.22 3.79 7.16 10.3 33 98 240 84 1 2.16 8.2 
D 70 (side 
trail) 
Control 0.82 3.71 6.45 53.6 40 272 960 34 1 5.79 17.6 
D 130 Trail  0.02 4.27 7.86 2.7 35 50.00 49 186 1 0.51 1.4 
D 130 Control 0.88 3.71 6.34 43.9 11 134 593 54 2 2.54 16.5 
D 230 Trail  0.01 4.12 7.92 1.5 44 50.00 14 87 0.00 0.20 0.8 
D 230 Control 0.48 3.69 7.02 22.2 31 180 258 71 1 1.76 9.5 
D 330 Trail  0.04 3.97 7.79 2.1 29 50.00 44 113 1 0.68 2 
D 330 Control 0.12 3.84 7.5 9.2 25 166 431 15 16 3.85 6.1 
D 430 Trail  0.05 4.56 7.71 2.1 66 50.00 21 267 0.00 0.25 2.5 


































A 50 Trail  13 19 6 125 0.50 0.18 13.1 23.2 19.8 14.7 
A 50 Control 176 42 14 493.00 0.50 0.28 2.4 6.9 5.9 0.7 
B 40 Trail  18 18 10 517 0.50 0.10 1.9 4.6 4.7 2.5 
B 40 Control 302 73 17 73 0.50 0.32 2.7 9.9 10.1 1.3 
C 60 Trail  31 21 9 568 0.50 0.10 1.6 24.3 7.5 2.6 
C 60 Control 302 91 11 1023 0.50 0.17 1.1 46.3 7 1.1 
C 110 Trail  15 16.00 4 124 0.50 0.10 4.2 27.5 26.3 8.9 
C 110 Control 314 64 12 221 0.50 0.18 2.2 10.9 9 1 
D 30 Trail  89 53 13 537 0.50 0.44 1.7 14.2 7.5 2.3 
D 30 Control 137 78 31 742 0.50 0.17 0.8 6.9 4.2 1.2 
D 70 (side 
trail) 
Trail  175 36 7 371 0.50 0.10 1.3 7.3 8.8 0.9 
D 70 (side 
trail) 
Control 554 105 8 75 0.50 0.3 1.6 13.6 13.1 1.3 
D 130 Trail  31 16.00 6 296 0.50 0.69 1.8 8.5 9.2 2.2 
D 130 Control 361 56 6 254 0.50 0.15 0.9 9 9.1 0.7 
D 230 Trail  12 16.00 7 318 0.50 0.10 2.7 4.4 6.5 3.7 
D 230 Control 175 54 13 440 0.50 0.10 2 6.8 7.7 1.2 
D 330 Trail  35 32 9 355 0.50 0.10 1.7 5.4 7.2 3.4 
D 330 Control 192 41 10 60 0.50 0.17 2.9 17.6 13 1.5 
D 430 Trail  16 16.00 32 1279 0.50 0.21 1.3 2.1 2.6 1.3 






Table 0.6. Continued 
Section Distance 
down trail (m) 
Type Base sat. H 
(%) 
LR CaCO3 
(t/ha to pH 6.5) 
A  50 Trail  29.2   
A  50 Control 84.1 21 
B  40 Trail  86.3 3 
B  40 Control 76.1 19 
C 60 Trail  64.1 2 
C  60 Control 44.5 13 
C  110 Trail  33.2   
C  110 Control 76.9 23 
D 30 Trail  74.3 7 
D 30 Control 86.9 24 
D 70 (side trail) Trail  81.6 14 
D 70 (side trail) Control 70.3 25 
D 130 Trail  78.3 2 
D 130 Control 80.3 27 
D 230 Trail  82.7 1 
D 230 Control 82.3 16 
D 330 Trail  82.2 3 
D 330 Control 65.1 8 
D 430 Trail  92.6 4 
D 430 Control 86.4 18 
 
